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Volume 45 OCTOBER, 1958 Number 4 

DRAFT OF PROPOSED AMENDED PART 26 
REINFORCED CONCRETE OF THE BOSTON 

BUILDING CODE 
FOREWORD BY MILES N. CLAIR 

ON JUNE 22, 1955 a meeting was held in the Building Department 
of the City of Boston, sponsored by the Building Commissioner, for 
the purpose of organizing a committee to recommend amendments to 
Part 26, Reinforced Concrete, of the Building Code of the City of 
Boston. The Committee so organized consisted of Miles N. Clair, 
Chairman, Frank H. Whelan, Vice Chairman A. L. Delaney, Myle J. 
Holley, Jr., Herman G. Protze, Maurice A. Reidy and David Mathoff, 
Secretary. This group met many times to consider recommendations 
prepared by its members and others. The draft presented herein con
stitutes the Chairman's correlation of the conclusions of the Committee 
to date. It is presented with the approval of the Committee as informa
tion and for the purpose of obtaining the comments of the profession 
and other interested parties prior to preparation of a final draft for 
submission to the Building Commissioner. 

The Committee gave consideration to various approaches to the 
revision such as essentially adopting the ACI code but concluded its 
purpose would be best served by making only such changes as would 
tend to more fully pr"otect the public, reduce building costs and give 
recognition to new design theory, materials and constructions. The 
use of portions of the ACI Building Code and of other standards is 
acknowledged. 

PART 26. 

REINFORCED CONCRETE. 

Section 
2601 - Design of Reinforced Concrete. 
2602 - Definitions Pertaining to Reinforced Concrete. 
2603 - Inspection of Concrete. 
2604 - Tests of Materials of Reinforced Concrete. 
2605 - Cement. 

285 
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Section 
2605A - Admixtures. 

2606 - Concrete Aggregates. 
2607 - Water in Concrete. 
2608 - Metal Reinforcement. 
2609 - Storage of Materials for Concrete. 
2610 - Concrete Quality. 
2611 - Average Concrete. 
2612 - Controlled Concrete. 
2613 - Field Tests of Concrete. 
26'14 - Concrete Proportions and. Consistencies. 
2615 - Mixing Concrete. 
2616 - Concrete Forms and Equipment. 
2617 - Removal of Water from Excavations. 
2618 - Transporting Concrete. 
2619 - Placing Concrete. 
2620 - Depositing Concrete in Cold Weather. 
2621 - Curing Concrete. 
2622 - Construction Joints in Concrete. 
2623 - Bonding Fresh and Hardened Concrete. 
2624 - Bending Reinforcement. 
262 5 - Placing Reinforcement. 
2626 - Splices in Reinforcement. 
2627 - Protective Covering of Reinforcement. 
2628 - Pipes and Conduits Embedded in Concrete. 
2629 - Allowable Unit Stresses in Concrete. 
2630 - Allowable' Unit Stress in Steel. 
2631 - Design of Reinforced Concrete for Wind Loads. 
2632 - Design of Reinforced Concrete in Flexure. 
2633 - Span Length of Reinforced Concrete Members. 
2634 - Depth of Reinforced Concrete Beams or Slabs. 
2635 - Analysis of Bending in Reinforced Concrete. 
2636 - Arbitrary Moment Coefficients for Reinforced Concrete. 
263 7 - Points of Inflection in Reinforced Concrete, and Shear. 
2638 - Diagonal Tension in Reinforced Concrete Beams. 
2639 - Types of Web Reinforcement. 
2640 - Design of Web Reinforcement. 
2641 - Shearing Stress in Concrete Flat Slabs. 
2642 - Shear and Diagonal Tension in Footings. 
2643 - Bond Stress in Reinforced Concrete. 
2644 - Ordinary Anchorage of Reinforcement. 
2645 - Special Anchorage of Reinforcement. 
2646 - Anchorage of Web Reinforcement. 
264 7 - Slenderness of Reinforced Concrete Beams. 
2648 - T-Beams of Reinforced Concrete. 
2649 - Compression Reinforcement in Beams and Girders. 
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Section 
2650 - Structural Steel Beams Encased in Concrete. 
2651 - Shrinkage and Temperature Reinforcement. 
2652 - Concentrated Loads on Concrete Slabs. 
2653 - Concrete Ribbed and Combinations Slabs. 
2654 - ,Two-way Slabs of Reinforced Concrete .. 
2655 - Limitations upon Reinforced Concrete Flat Slabs. 
2656 - Assumption in Concrete Flat Slab Design. 
2657 - Bending in Interior Flat Slab Panels. 
2658 - Spacing of Flat Slab Reinforcement. 
2659 - Thickness of Concrete Flat Slabs. 
2660 - Point of Inflection in Flat Slabs. 
2661 - Arrangement of Flat Slab Reinforcement at Column Heads. 
2662 - Arrangement of Flat Slab Reinforcement - Two-way System. 
2663 - Arrangement of Flat Slll!b Reinforcement - Four-way System. 
2664 - Flat Slab Reinforcement Other than Two-way or Four-way. 
2665 - Discontinuous Flat Slab Panels. 
2666 - Marginal Beams in Flat Slabs. 
2667 - Openings in Flat Slabs. 
2668 - Construction Joints in Flat Slabs. 
2669 - Limiting Dimensions of Concrete Columns. 
2670 - Unsupported Length of Concrete Columns. 
2671 - Design of Spirally Reinforced Concrete Columns. 
2672 - Design of Tied Reinforced Concrete Columns. 
2673 - Long Columns. 
2674 - Bending in Concrete Columns. 
2675 - Combined Axial and Bending Stresses. 
2676 - Allowable Combined Axial and Bending Stresses. 
2677 - Combination Columns. 
2678 - Concrete Walls. 
2679 - Sloped or Stepped Concrete Footings. 
2680 - Bending in Concrete Footings. 
268·1 · - Plain Concrete Footings. 
2682 - Bearing on Concrete Footing. 
2683 - Pedestals - Plain Concrete. 
2684 - Precast Concrete. 
2685 - Pre and Post Stressed Concrete. 
2686 - Ultimate Strength Design. 

Section 2601. Design of Reinforced Concrete.· 

287 

Reinforced concrete shall be . designed by methods based on 
rational analysis according to established principles of mechanics, sup-• 
plementerl hy thr, assumption herein specified, to support the loads and 
withstand the forces to which it is subject without exceeding the 
stresses allowed in this part for the various materials thereof. 
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Section 2602. Definitions Pertaining to Reinforced Concrete. 

(a) The following terms are defined for use in this part of the 
code: 

Aggregate: Inert material used as a filler in concrete. 
Blast-Furnace Slag: The non-metallic product, consisting essentially of sili

cates and alumino-silicates of lime, which is developed simultaneously with iron 
in a blast furnace. 

Column: An upright compression membe, the length of which exceeds three 
times its least lateral dimension, excluding piles and caisson piers. 

Column Capital: An enlargement of the upper end of a reinforced concrete 
column deGigned and <built to act as a unit with the column and flat slab, A frame 
work of metal for the same purpose. 

Column Strip: A portion of a flat Glab panel one half panel in width occupying 
the two quarter-panel areas outside of the middle strip. (See Middle Strip). 

Combination Column: A column in which a structural steel section, designed 
to carry the principal part of the load, is encased in concrete with only nominal 
reinforcement. 

Composite Column: A column in which the structural steel or cast iron 
column designed to carry the principal part of the load is encased in concrete 
containing reinforcement of spiral and longitudinal steel. 

Concrete: A mixture of Portland cement, fine aggregate, coarse aggregate 
and water. 

Diameter: The diameter of a square bar shall be the distance between 
opposite sides. The diameter of a deformed bar shall be the diameter of a plain 
bar having the same of cross-section. 

Dropped Panel: The structural portion of a flat slab which is thickened 
throughout an area surrounding the column capital. 

Effective Area of Concrete: Of a cross-section, the area which lies between 
the centroid of the tensile reinforcement and the compression surface in a beam 
or slab, and having a width equal to the width of the rectangular beam or slab, or 
the effective width of the flange of a T-beam. 

Effective Area of Reinforcement: The area obtained by multiplying the right 
cross-sectional area of the metal reinforcement by the cosine of the angle between 
its direction and that for which the effectiveness of the reinforcement is to be 
determined. 

Flat Slab: A concrete slab reinforced in two or more directions generally 
without beams or girders to transfer the loads to columns. 

Hook: A hook made by bending a length at the end of a bar one hundred and 
eighty degrees about a pin of a diameter not less than three nor more than six 
bar-diameters, with a straight extension of at least four bar-diameters at the 
free end. 

Laitance: Extremely fine material of little or no strength which may collect 
on the surface of freshly deposited concrete or mortar, usually recognized by its 
relatively light color. 

Middle Strip: A portion of a flat slab panel one half panel in width, sym-
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metrical with respect to the panel center line and extending through the panel 
in the direction in which bending moments are being considered. 

Paneled Ceiling: The ceiling of a flat slab in which approximately that por
tion of the area enclosed within the intersection of the two middle strips in reduced 
in thickness. 

Panel Length: In a flat slab, the distance along a panel side from center to 
center of columns. 

Pedestal: An upright compression member whose height does not exceed 
three times its least lateral dimension. 

Pedestal Footing: A column footing projecting less than one half its depth 
from the faces of the column on all sides and having a depth not more than three 
times its least width. 

Portland Cement: The product obtained by finely pulverizing clinker pro
duced by calcining to incipient fusion an intimate and properly proportioned mix
ture of argillaceous and calcareous materials, with no addition subsequent to cal
cination excepting water and calcined or uncalcined gypsum. 

Ratio of Reinforcement: The ratio of the effective area of the reinforcement 
cut by a section of beam or slab to the effective area of the concrete at that section. 

Reinforced Concrete: Concrete in which metal other than that provided for 
expansion and contraction, is embedded in such a manner that the two materials 
act together in resisting forces. 

Screen: A metal plate with closely spaced circular perforations. 
Sieve: Woven wire cloth or a metal plate with square openin~s of uniform 

size. 
Strut: A compression member other than a column or pedestal. 
Water-cement Ratio: The total quantity of water entering the concrete mix

ture, including the surface water carried by the aggregate, expressed in terms of 
the quantity of cement. The water-cement ratio shall be expressed in U. S. gallons 
per bag (ninety-four pounds) of cement. 

(b) The symbols and notations used in this part are defined as 
follows: 

a Angle between inclined web bars and axis of beam. 
A Total area of pedestal, pier, or footing at the column base. 
A' Loaded area of pedestal pier, or footing at the column base. 
A0 Total area of the concrete section = A~ - A,., 
A,. The cross-sectional area of the steel column. 
A~ Gross area of concrete column. 
A, Effective cross-sectional area of steel in tension in beams and slabs, 

or compression in columns. 
A,. Total area of cross-section of one unit of web reinforcement. 
b Width of rectangular beam or width including flange of T-beam. 
b' Thickness of web in beams of I or T section. 
c Diameter of column capital of a flat slab. 
c' The distance from gravity axis to extreme fiber in compression. 
C The ratio of f,. to the allowable fiber stress for members in flexure. 
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In two-way slab design, coefficient dependent on position of panel 
relative to adjacent continuous panels. 
Coefficient for bending dependent upon continuity and restraint. 
Depth of beam or slab from compression face to center of longi
tudinal tensile reinforcement. 
Least lateral dimension of a column. 
The eccentricity of resultant load, measured from the gravity axis. 
Modulus of elasticity of concrete in compression. 
Modulus of elasticity of steel (thirty million pounds per sq. inch). 
Average allowable stress on an equivalent axially loaded concrete 
column. · 
Compressive unit stress in concrete. 
Ultimate compressive strength of concrete at age of twenty-eight 
days. 
The allowable stress for unencased steel column. 
Tensile unit stress in longitudinal reinforcement. 
The useful limit stress of spiral reinforcement. (See section 2671, 
par. d.) 
Tensile unit stress in web reinforcement. 
Sum of perimeters of bars in one set. 
Unsupported length of column. 
Moment of inertia of a section about the neutral axis for bending. 
Ratio of arm of resisting couple in bending to depth (d). 
Span length of beam or slab; length or width of flat slab panel. 
Length or width of a two-way or flat slab panel at right angles to 
the direction in which bending is considered. 
Bending moment or moment of resistance in general. 
Sum of positive and negative bending moments at the principal de
sign sections of a panel of a flat slab. 
Ratio of modulus of elasticity of steel to that of concrete (Es/Ee). 
Ratio of effective area of tensile reinforcement in bending. 
Ratio of volume of spiral re;inforcement to the volume of the con
crete core (out to out of spirals). 
Ratio of the effective cross-sectional area of vertical reinforcement 
to the gross area Ag. 
Total safe axial load on a short column. 
Total safe axial load on a long column. 
Ratio of breadth to span of panel of a two-way slab. 
Least radius of gyration of a column section or equivalent concrete 
section. 
Spacing of web reinforcement measured alon·g the axis of the beam. 
Distance from the center of a concentrated load to nearer support 
of a slab. 
Thickness of flange of T-beams. 
The over-all depth of section. 
Thickness of flat slab near column (including dropped panel, if any). 
Thickness of flat slab outside the dropped panel. 
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u Bond stress per unit of surface area of bar. 
v Shearing unit stress. 
V Total shear at a cross-section. 
V' Excess of the total shear over the allowed resistance in shear of the 

concrete unreinforced. 
w Uniformly distributed load per unit length of b~am or slab or per 

unit area. 
w' Actual width of a concentrated load upon a slab. 
W Total uniformly distributed load in a single panel area. 

Section 2603. Inspection of Concrete. 
(a) An applicant for a permit involving the structural use of 

concrete shall be required by the commissioner to have competent 
personnel inspecting the work at all times while such concrete is being 
proportioned, mixed, or deposited, except as otherwise defined in para
graph (b). 

(b) When said concrete comprises "Average Concrete", as defined 
in Sect. 2 611, only the inspection of deposit shall be required. 

( c) When said concrete comprises "Controlled Concrete", as 
defined in Sect. 2 612, the inspection shall be provided both at point of 
proportioning and mixing, and at point of deposit. 

( d) Inspection personnel shall be subject to approval by the com
missioner upon application in writing. Such approved personnel shall 
have adequate experience and training for the type of inspection in
volved. The commissioner shall keep a record of such approved 

. personnel. 
( e) When tests are required the testing facilities and personnel 

shall be subject to the approval of the commissioner, for the specific 
project. 

Section 2604. Tests of Materials of Reinforced Concrete. 

The commissioner shall require tests from time to time to de
termine whether the materials and methods in use are such as to 
produce reinforced concrete of the necessary quality. Copies of the 
reports of such tests of materials and concrete shall be kept available 
by the commissioner for a period of two years after completion of 
the structure. 

Section 2605. Cement. 

(a) Portland cement shall conform to the current Standard Speci
fications for Portland Cement of the American Society for Testing 
Materials. 
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(b) Special cements may be used in concrete subject to the ap
proval of the commissioner. Such cements shall meet the requirements 
for Portland cement in regard to soundness, setting time and strength, 
and in addition satisfy the current Standards of the American Society 
for Testing Materials for the particular type. 

Air entraining cements shall produce <!- resultant air content in 
field mixtures at point of deposit not in excess of S.Oo/o when measured 
by means of an air meter in conformity with Standard Methods of 
Test for Determination of Air Content of Freshly Mixed Concrete by 
Pressure Method of the American Society for Testing Materials. 

Section 2605A. Admixtures. 

(a) An admixture may be employed in concrete subject to the 
specific approval of the commissioner provided it does not adversely 
affect the qualities of the concrete as determined by tests. 

(b) Concrete with admixtures shall be employed only under lab
oratory control in accordance with Sect. 2 612. 

( c) Admixtures producing concretes weighing less than 3 S lbs. per 
cubic foot in the dry state, may be employed only in non-structural 
concrete. 

Section 2606. Concrete Aggregates. 

(a) Concrete aggregates shall consist of inert materials having 
clean, uncoated particles of strong durable minerals, such as processed 
crushed rock, washed natural sand, gravels, and crushed gravels. Fine. 
and coarse aggregates shall conform to the current Standard Specifica
tions for Concrete Aggregates of the American Society for Testing 
Materials with the following additions: 

Fine Aggregate 
Mortar Strength 
Soundness 

Coarse Aggregate 
Organic Matter 

Soundness 

95% minimum compression ratio 
10% maximum loss, magnesium sulfate, 5 
cycle test. 

Colorimetric test shall show color no darker 
than 2/3 the intensity of the "standard color". 

12% maximum loss, magnesium sulfate, 5 
cycle test. 

(b) Special conqete aggregates comprising artificial, manu
factured or processed materials such as cinders, slag, expanded shale, 
expanded clay, expanded slag,· may be employed as concrete aggregates 
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for structural uses subject to the approval of the commissioner. Such 
materials shall conform to the current standard specifications of the 
American Society for Testing Materials for Concrete Aggregates, or 
Lightweight Aggregates for Structural Concrete, or Lightweight Ag
gregates for Insulating Concrete, whichever may be applicable. The 
aggregate shall contain not more than one percent by weight of sulfur 
or similar compounds computed as SOa. These materials shall derive 
from a source that has satisfactorily produced aggregates for similar 
use for a period of at least two years. 

Concrete aggregates for which there are no standard specifications 
also may be employed in concrete for particular uses subject to the 
approval of the commissioner. 

( c) Very lightweight aggregates such as pun:iice, expanded perlite, 
exfoliated vermiculite, weighing less than 40 lbs/cu. ft. dry and loose 
may be employed only in non-structural reinforced concrete. 

Section 2607. Water in Concrete. 
Water used in mixing concrete shall be free from mJurious 

amounts of salts, acids, alkalies, oils, organic materials, and other 
deleterious substances. When subjected to the strength test described 
in the American Society for Testing Materials Method of Test for 
Measuring Mortar Making Properties of Fine Aggregate, the strength 
at 28 days of mortar specimens made with the water under examina
tion and normal Portland cement shall be at least 100 percent of the 
strength of similar specimens made with distilled water. 

Section 2608. Metal Reinforcement. 
(a) Bar reinforcement shall be steel bars conforming to the latest 

requirements of the Standard Specifications of the American Society 
for Testing Materials for Billet-Steel Concrete Reinforcement Bars, or 
for Rail-Steel Concrete Reinforcement Bars or for Axle-Steel Concrete 
Reinforcement Bars. Deformed bars shall conform to the latest mini
mum requirements of the American Society for Testing Materials for 
Deformations of Deformed Steel Bars for Concrete Reinforcement. 

(b) Wire for concrete reinforcement shall conform to the latest 
requirements of the Standard Specifications of the American Society 
for Testing Materials for Cold Drawn Steel Wire for Concrete Rein
forcement or Welded Steel Wire Fabric for Concrete Reinforcement. 

( c) St~uctural steel sections used as reinforcement shall conform 
to the requirements of Part 28. 
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( d) The commissioner may require certified test evidence that all 
concrete reinforcement meets the applicable requirements. 

Section 2609. Storage of Materials for Concrete. 

Cement, aggregates, and other concrete constituents shall be stored 
in a manner to prevent deterioration, damage or contamination by 
foreign matter. Retests shall be made of materials where there is a 
question of loss of quality due to storage. 

Section 2610. Concrete Quality. 

(a) The concrete compressive strength, f/, used as the basis for 
allowable unit stresses in Sect. 2629 shall be attained @ 28 days or at 
such earlier age at which the concrete is designed to receive its full 
load. Plans submittecl for approval or used on the work shall clearly 
show the age and strength of concrete for which all parts of the struc
ture were designed. The plans shall also indicate whether "Average 
Concrete" or "Controlled Concrete" is to be used, which are defined in 
Sect. 2611 and Sect. 2612, respectively. 

(b) The commissioner may require that structural concrete made 
with special cements and artificial or special aggregates, or involving 
specialized designs, unusual construction, or ultimate concrete strengths 
in excess of 3500 psi shall be controlled concrete in accordance with 
Sect. 2612. 

( c) The provisions of this section apply to site-mixed concrete, 
ready-mixed concrete ( either central or transit mixed) and to precast 
concrete made at a casting plant. 

( d) Concrete constituents, proportioning, measuring, mixing, and 
placing shall be in accord with good practice and in conformity with 
the current Joint Committee Report of Recommended Practice and 
Standard Specifications for Concrete and Reinforced Concrete. 

( e) Suppliers of structural concrete shall be subject to the annual 
approval of the commissioner. 

The application for approval shall be in writing and shall include 
a detailed description of current equipment, materials sources, and 
methods. The application shall present a schedule of batch weights, 
for each type of concrete and source of aggregates, as calculated by 
the method of absolute volumes. The mix quantities shall be based 
upon a complete analysis of aggregates, and the results of compression 
tests of at least four laboratory mixtures covering the range of the 
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schedule. Each laboratory mixture shall comprise at least six test 
specimens fabricated within three months of date of application. 

Application for renewal of approval shall be ·made on May 1, each 
year. 

Section 2 611. Average Concrete. 
(a) Average concrete comprises all concrete where no preliminary 

tests of materials and mixtures are made for the specific job. For 
average concrete, employing aggregates conforming to Sect. 2606(a), 
the following table gives the arbitrary cement factors that shall be 
used for the designated strengths of concrete: 

Compressive Strength at 28 Days 
Pounds per square inch 

1500 
2000 
2500 
3000 
3500 

* 94 lbs of cement is equivalent to one sack. 

Minimum Cement Factor 
Sacks* per Cu. Yd. 

4.5 
5.5 
6.5 
7.25 
8.0 

(b) Average concrete exposed to the weather ( above ground and 
within 3 feet below grade) shall contain not less than 6.5 sacks of 
cement per cubic yard of concrete. 

(c) During the progress of the work, such reasonable number of 
compression tests shall be made as may be required by the commis
sioner, but at least one set of three specimens shall be tested for each 
150 cubic yards of each different mixture of concrete being placed. 
The commissioner may waive the requirement of tests on projects · 
involving less than 100 cubic yards of concrete. The sampling and 
testing of the concrete shall be carried out by approved personnel in 
accordance with provisions of Sect. 2603 and Sect. 2613. 

(d) Each Vendor of structural average concrete shall submit 
with each load of such concrete a duplicate certificate signed by an 
authorized agent attesting to the composition and quality of the mix
ture, on a form to be established by the commissioner. One such 
certificate is to be filed with the Building Department. 

Section 2612. Controlled Concrete. 

(a) Controlled concrete comprises concrete for which the mix 
quality is established on the basis of tests of materials and laboratory 
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mixtures made in advance of the beginning of the specific construction, 
utilizing 'the constituents proposed and consistencies to be used. The 
mixtures shall be presented to the Commissioner for approval prior 
to use. 

If during the progress of the work, the materials change in source 
or characteristics, additional test data shall be submitted and mixtures 
modified accordingly. 

Controlled concrete shall be made and placed under full time 
control and inspection by approved personnel in accordance with the 
provisions of Sect. 2603 and Sect. 2613. 

(b) If during the progress of the work, the obtained field 
strengths for any class of concrete average more than 15% greater 
than the design strength f,,', the existing mixtures may be modified to 
provide the required strength on the basis of the current field data. 
In such cases the new water content of the concrete to be used in the 
structure shall correspond to a strength, at least 1 S % in excess of the 
required strength fc', as determined from the average of any current 
five consecutive strength tests representing the specific class of con-. 
crete. The new mixtures shall be presented to the commissioner for 
approval prior to use. 

( c) Controlled concrete exposed to the weather ( above ground 
and within 3 feet below grade) shall have a water-cement ratio not in 
excess of 6.0 gallons per sack. 

( d) During the progress of the work, a reasonable number of 
compression tests will be required by the commissioner, but at least one 
set of three specimens shall be tested for each one hundred and fifty 
cubic yards of concrete of a given strength, and not less than one set 
of three specimens of each strength of concrete for each day's opera
tion. Sampling and testing shall be done in accordance with the pro
visions of Sect. 2 613. 

( e) Daily reports by the inspection personnel shall be made to 
the commissioner and include complete information of the plant and 
field work on an approved form. 

Section 2613. Field Tests of Concrete. 

(a) Specimens for compression tests of concrete shall be made 
and stored in accordance with the Standard Method of Making and 

· Curing Compression Test Specimens of Concrete in the Field, and 
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tested in accordance with the Standard Method of Test for Compres
sive Strength of Concrete Cylinders, of the American Society for Test
ing Materials; provided, that the specimens shall be stored under moist 
curing conditions at seventy degrees Fahrenheit. At least two speci
mens of each set shall be tested at the age at which the concrete is to 
receive its design load. 

(b) Tests for air content of air entrained concrete shall be made 
at time of deposit in conformity with the current Method of Test for 
Air Content of Freshly Mixed Concrete by the Pressure Method of 
the American Society for Testing Materials. 

( c) If the average strength of any set of test specimens for any 
portion of the structure falls below the strength called for on the plans 
at the age at which the concrete is to receive its design load and if the 
average of all specimens as well as the average for any 5 consecutive 
strength tests ( representing each class of concrete) is less than the 
specified strength, and provided any strength test has an average value 
less than 85 % of the specified strength, then the commissioner may 
require additional curing on those portions of the structure represented 
by the test specimens which failed. 

When the additional curing does not produce the strength re
quired, as determined by tests on representative cores secured, pre
pared and tested in conformity with the latest requirements of the 
American Society for Testing Materials Method for Compressive 
Strength of Hardened Concrete, the commissioner-in addition to other 
recourses-may require load tests as specified in Part 23 on the por
tions of the structure affected. Such tests need not be made until 
the concrete has aged 60 days. 

Section 2614. Concrete Proportions and Consistencies. 

(a) The mix composition and consistency shall be in conformity 
with good practice, and shall be such as to produce concrete that can 
be worked readily into the corners and angles of the forms and around 
reinforcement without permitting the materials to segregate or free 
water to collect on the surface, due consideration being given to the 
methods of placing and compacting. 

The consistency of the concrete, as measured by the American 
Society for Testing Materials Slump Test for Consistency of Concrete, 
shall be such that the slump shall not exceed the· following values: 
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Portion of Structure 
Pavements and slabs on ground 
Piles 
Plain footings, caissons and heavy walls 
Massive reinforced sections 
Reinforced foundation walls and footings 
Slabs, beams, and thin reinforced walls and columns 

Maximum Slump 
,,, ., 
3" 
4" 
4" 
4" 
6" 

(b) The methods of measuring concrete materials shall be such 
that the amount of all ingredients including water can be accurately 
controlled during the progress of the work and easily checked at any 
time by the commissioner, or his agent. 

Materials shall be measured by weighing except as otherwise 
specified or where other methods are specifically authorized by the 
commissioner. The apparatus provided for weighing the aggregates 
and cement shall be suitably designed and constructed for this pur
pose. All scales shall have been certified by the Sealer of Weights and 
Measures within one year of use. Each size of aggregate and the 
cement shall be weighed separately. The accuracy of all weighing 
devices shall be such that successive quantities can be measured to 
within one per cent of the desired amount. Cement in standard 
packages (sack) need not be weighed, but bulk cement and fractional 
packages shall be weighed. The mixing water shall be measured by 
volume or by weight. The water measuring device shall be susceptible 
of control accurate to ½ % . Admixtures shall be measured either 
manually with use of calibrated containers or measuring tanks, or by 
means of an approved automatic dispenser. All measuring devices shall 
be subject to approval. 

Where volumetric measurements are authorized by the commis
sioner, the weight proportions shall be converted to equivalent volu
metric proportions. In such cases, suitable allowance shall be made 
for variations in the moisture condition of the aggregates, including 
the bulking effect in the fine aggregate. 

Section 2615. Mixing Concrete. 

(a) All concrete shall be site-mixed or ready-mixed and produced 
by equipment acceptable to the commissioner. No hand mixing will 
be permitted. Concrete shall be mixed until there is a uniform distribu
tion of the constituents and the mass is homogeneous. 

Concrete to be produced at the site shall be mixed in an approved 
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batch mixer. The volume of the mixed batch shall not exceed the 
manufacturer's rated capacity of the mixer. The minimum mixing time 
for each batch ( from the time when all solid materials and water are 
in the drum) shall be 1-.½ minutes for mixers of 1-cu. yd. capacity or 
less; for mixers of larger capacity, the mixing time shall be increased 
30 seconds for each additional .½ cu. yd. or fraction thereof. The 
mixer shall revolve at uniform peripheral speed of about 200 fpm. 
The entire batch shall be discharged before the mixer is recharged. 

Ready mixed concrete shall be transported to the site in water
tight agitator or mixer trucks loaded not in excess of rated capacities 
for the respective conditions as stated on the nameplate. Central mixed 
concrete shall be plant mixed a minimum of .½ minute per yard less 
than the required time for site bat,cl). mixing. Agitation shall begin im
mediately after the pre-mixed concrete is placed in the truck and shall 
continue without interruption until discharged. Truck mixed concrete 
shall be mixed at mixing speed for at least 10 minutes immediately 
after charging the truck, followed by agitation without interruption 
until discharged. Special non-agitating equipment may be used for 
transportation of central mixed concrete under certain conditions with 
the approval of the commissioner. 

All central plant and rolling stock equipment and methods shall 
conform with the latest American Society for Testing Materials Speci
fications for Ready Mixed Concrete. 

Section 2616. Concrete Forms and Equipment. 

(a) Forms shall be used for all concrete masonry including foot
ings, except as otherwise permitted. Forms shall be so constructed and 
placed that the resulting concrete will be of the shape, lines, dimen
sions, and to the elevations indicated on the drawings, and exposed 
concrete will be substantially free from irregularities or defects. Forms 
shall be made of wood, metal, or other approved material. 

(b) Forms shall be substantial and adequately braced and tied 
to support the concrete and the construction live loads imposed there
upon. The forms shall be sufficiently rigid to prevent displacement or 
sagging between supports, and so constructed that the concrete will 
not be damaged by their removal. The Contractor shall be entirely 
responsible for their adequacy. 

(c) Forms shall be in good repair; they shall be sufficiently tight 
to prevent the leakage of mortar and water from the concrete. Forms 
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for walls and columns shall be constructed so as to permit proper 
cleaning inspection and placement. 

( d) Forms shall be removed in accordance with the limitations 
prescribed in Sect. 2 621 (b). 

Section 2617. Removal of Water From Excavations. 

(a) Water shall be removed from excavations before concrete is 
deposited, unless otherwise authorized by the commissioner. Water 
flowing into an excavation shall be diverted through proper side drains 
to a sump, or be removed by other approved methods which will avoid 
washing the freshly deposited concrete. 

Section 2618. Transporting Concrete. 
(a) Concrete shall be handled from the mixer to the place of final 

deposit by methods which will prevent the separation or loss of the 
ingredients. Under no circumstances shall concrete that is partially 
hardened be deposited in the work. The retempering of concrete which 
has partially hardened-that is the mixing with or without additional 
cement, aggregate, or water-will not be permitted. 

(b) All concrete, including ready mixed concrete ( central mixed 
or truck mixed), shall be deposited promptly after mixing. The time 
elapsed between the addition of the cement to the aggregates and the 
deposit of the concrete into the forms shall not exceed 1 ¼ hours. 

Section 2 619. Placing Concrete. 
(a) Concrete shall not be placed until the forms and reinforce

ment have been inspected and approved by the inspector required by 
Sect. 2603. 

Before concrete is placed equipment for mixing and transporting 
the concrete and forms shall be clean; the spaces to be occupied by 
the concrete shall be free of water, snow, frost, ice and debris. 

(b) Concreting once started shall be carried on as a continuous 
operation so as to maintain a plastic surface until the completion of 
the section. Each layer during placement shall not exceed 18" depth. 
The surface of each layer shall be kept generally level and accumula
tions of water on the surface shall be promptly removed. Where con
struction joints are necessary, they shall be made in accordance with 
Sect. 2622. 

· When concrete is conveyed by chutes,· t:he equipment· shall be of, 
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such size as to insure a continuous flow in the chute. The chutes shall 
be of metal or metal lined and the different portions shall have ap
proximate! y the same slope. The slope shall not be less than 2 5 ° 

nor more than 45 ° and shall be such as to prevent the segregation of 
the ingredients. The discharge end of the chute shall be provided 
with a baffle plate or spout to prevent segregation. If the discharge 
end of the chute is more than 5 ft. above the surface of the concrete 
in forms, a spout shall be used, and the lower_ end maintained as near 
the surface of deposit as practicable. When the operation is inter
mittent, the chute shall discharge into a hopper. The chute shall be 
thoroughly cleaned before and after each run and the debris and any 
water used shall be discharged outside the forms. Concrete shall not 
be allowed to flow horizontally over distances exceeding 5 feet. 

In thin sections ( such as walls and columns) of considerable 
height, concrete shall be placed in such manner as will prevent segrega
tion and accumulations of hardened concrete on the forms or reinforce
ment above the mass of concrete being placed. To achieve this end 
suitable hoppers, spouts with restricted outlets, etc., shall be used as 
required or approved. 

( c) Concrete during and immediately after depositing shall be 
thoroughly compacted by means of suitable tools. Either manual spad
ing or internal type mechanical vibrators shall be employed for this 
purpose. Concrete adjacent to all formed faces shall be manually 
spaded. Vibration shall be done by experienced operators and shall 
be carried on only long enough to produce homogeneity and optimum 
consolidation without causing segregation of the solid constituents or 
inclusion of air, or modification of the entrained air content. Vibrators 
shall travel at a speed not less than 5000 rpm. 

( d) Subaqueous concrete shall contain 20 percent more cement 
than required by Sect. 2 611 or Sect. 2 612. Such concrete shall be 
placed carefully by tremie, covered bottom-dump-bucket, or other suit
able means to minimize "wash" of cement or segregation of constit
uents. Subaqueous construction materials and methods shall have the 
approval of the commissioner. 

( e) No blasting shall be carried out in the vicinity of the con
struction which will affect the resultant quality of the concrete after 
deposit. 
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Section 2620. Depositing Concrete in Cold Weather. 

(a) All concrete placed at air temperatures below 40°F shall have 
a minimum temperature of 60°F. When the air temperature is below 
40°F or falling toward 40°F, the concrete mixing water and aggregates 
shall be heated before mixing. Dependence shall not be placed upon 
accelerating chemicals to prevent freezing. 

(b) All concrete shall be so protected that the temperature at the 
surface will not fall below S0°F for not less than 72 hours after placing. 
The Contractor shall submit for approval by the commissioner the 
methods he proposes to use against low temperatures. No salt, manure, 
or other chemicals shall be used for protection. 

Section 2621. Curing Concrete. 

(a) All concrete, particularly exposed surfaces, shall be protected 
immediately after concreting or cement finishing is completed to pro
vide continuous moist curing for at least 7 days, regardless of the 
adjacent air temperature. Acceptable curing media include continuous
ly moist sand or saturated burlap, waterproof paper with seams ade
quately lapped and taped, ponding or continuously operating sprinklers, 
membrane curing compounds applied at a rate not to exceed 200 sq. ft. 
per gallon, and other methods subject to the approval' of the commis
sioner. Damp sawdust shall not be used. Intermittent wetting and 
drying shall not be permitted. 

(b) Forms shall be removed . .wjth such precautions as to insure 
complete safety of the structure: Except as otherwise specifically au
thorized by the commissioner, forms shall not be removed before the 
co~crete has attained a strength of at least 30% bf the strength pre
scribed by the design. Shores shall not be removed until the concrete 
has attained at least 60% of the specified strength, and also is of 
sufficient strength to support safely.'its own weight and the construc
tion live loads upon it. 

Section 2622. Construction Joints in Concrete.··· 

(a) Construction joints shall be kept t6 a minimum and when 
made they shall be detailed and located on- the plans. All joints in
cluding emergency joints" shall be so made a~d located as to least 
impair the strength of the structure. Such joints in floors shall be 
located near the middle of spans of slabs, beams, or girders, unless 
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a beam intersects a girder at this point, in which case the joint in the 
girder shall be offset a distance equal to twice the beam. All joints 
in concrete members 6" or greater in thickness shall have adequate 
keys. At least two hours must elapse after depositing concrete in 
columns or walls before depositing in beams, girders, or slabs sup
ported thereon. Beams, girders, brackets, column capitals, and 
haunches shall be considered part of the floor system and shall be 
placed monolithically therewith. All joints shall be bonded in ac
cordance with section twenty-six hundred and twenty-three. (For 
construction joints in flat slabs, see also section twenty-six hundred 
and sixty-eight.) 

(b) Construction joints shall be located preferably where the 
shear is least. At each such joint, reinforcing steel shall be provided 
near the top of the member to adequately transfer the stresses across 
the joint and in any case of an area not less than .003 of the cross 
section of the concrete perpendicular to the joint. These rods shall be 
spaced not over two times the thickness of the slab and within the 
width of the beam or girder. Rods shall be fully anchored each side 
of the joint. 

Section 2623. Bonding Fresh and Hardened Concrete. 

Before new concrete is deposited on or against concrete which is 
set, the surface of the set concrete shall be roughened, cleaned of 
foreign matter and laitance and thoroughly saturated but free of 
surface water. Such surface shall be coated with at least 1\" thickness 
of neat cement paste immediately before new concrete is placed. 

Section 2624. Bending Reinforcement. 

Metal reinforcement shall not be bent, straightened, or handled in 
any manner that will injure the material. Reinforcing steel may be 
heated only under conditions approved by the Commissioner. Bars 
shall not be heated to a temperature higher than red heat, and they 
shall be slowly cooled in air. Bends for stirrups and ties shall be made 
around a pin having a diameter not less than two times the diameter of 
the bar. Bends for other bars shall be bent around a pin having a 
diameter not less than four times the diameter of the bar. Bars with 
kinks or bends not shown on the plans shall not be used. Hooks shall 
conform to the requirements of Section 2645. 
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Section 2625. Placing Reinforcement. 

(a) Metal reinforcement shall be clean and free of loose mill 
and rust scale, dirt, grease, ice and other coatings, that would destroy 
or reduce the bond, it shall be accurately placed, supported and 
secured. Supports shall consist of suitable metal or concrete chairs 
or spacers. 

(b) The minimum clear distance between parallel bars shall be 
one and one half times the diameter for round bars and twice the 
diameter for square bars. If the ends of bars are anchored as specified 
in section twenty-six hundred and forty-five, the clear spacing may be 
equal to the diameter of round bars or to one and one half times the 
diameter of square bars, but in no case shall the spacing between bars 
be less than one inch, nor less than one and one third times the maxi
mum size of the coarse aggregate. Bars shall be embedded a distance 
from the face of a member not less than the minimum clear distance 
required for fire and rust protection in this code. The main longi
tudinal steel of a reinforced concrete slab shall be spaced not more than 
two times the slab thickness. 

Section 2626. Splices in Reinforcement. 

(a) In slabs, beams, girders and columns, splices of reinforce
ment shall generally be avoided, particularly at points of maximum 
tensile stress. Such splices shall be lapped, welded, mechanically 
connected or otherwise fully developed, but in any case they shall be 
adequate to transfer the entire stress from bar to bar without exceed
ing the allowable bond and shear stresses listed in Section 2629. The 
minimum overlap for a lap splice shall be 24 bar diameters but not 
less than 12". The clear distance between bars shall also apply to 
the clear distance between a contact splice and adjacent contact splices. 
,vhenever possible splices shall be staggered. 

(b) Where longitudinal bars of a column are offset at a splice, 
the slope of the inclined portion of the bar with the axis of the column 
shall not exceed 1 in 6, and the portions of the bar above and below 
the offset shall be parallel to the axis of the column. Adequate hori
zontal support at the offset bends shall be treated as a matter of design, 
and may be provided by metal ties, spirals or parts of the floor con
struction. Metal ties or spirals so designed shall be placed near (never 
more than 8 bar diameters from) the point of bend. The horizontal 
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thrust to be resisted may be assumed as 1 ½ times the horizontal 
component of the nominal stress in the inclined portion of the bar. 

Section 2627. Protective Covering of Reinforcement. 

(a) Main reinforcement of footings, slabs, wall and other prin
cipal structural members in which the concrete is deposited against 
the ground, shall have not less than 3" of concrete cover between it 
and the ground. For main reinforcement in concrete members having 
a surface exposed to soil, backfill, moisture or weather the cover with 
respect to such surface shall be 2". Concrete placed against forms, 
waterproof reinforced paper and asphalt impregnated felt supported 
directly by the ground shall be considered as not deposited in contact 
with the ground and in this case the cover shall be 2". 

(b) Bars used for support or spacing of reinforcement, shrinkage 
reinforcement, column ties and stirrups not over one half inch in 
diameter, shall not be considered main reinforcement. Such bars shall 
have minimum protective coverings one half inch less than specified in 
this section for main reinforcement. Floor slabs poured on ground 
where reinforcement is not required for structural purpose shall have 
1½" protective covering of any steel that is used. 

( c) In buildings of Type I and Type II construction, and in 
other reinforced concrete required to have specified fire resistance, 
main metal reinforcement shall be protected as required in sections one 
hundred and twenty-four to one hundred and thirty-one, inclusive of 
Part 1, in Parts 16, 17, 22 respectively, and elsewhere in this code. 

Section 2628. Pipes and Conduits Embedded in Concrete. 

Pipes which will contain liquid, gas or vapor at other than room 
temperature shall not be embedded in or pass through concrete neces
sary for structural stability or fire protection. Drain pipes and pipes 
whose contents will be under pressure greater than atmospheric pres
sure by more than one pound per square inch shall not be embedded in 
structural concrete except in passing through from one side to the 
other of a structural member and other pipes, embedment of which is 
allowed, shall not, with their fittings, displace concrete of a structural 
member to greater extent than four percent of the area of cross-section 
Sleeves or other pipes passing through structural members shall not 
be of such size or in such location as unduly to impair the strength of 
the construction; such sleeves or pipes may be considered as replacing 



ALLOWABLE UNIT STRESSES 

Specific Values for usual commonly design 
c., 

Expressed Max. 0 
0\ 

as a Pro- Values strength lbs/sq. in 

portion of lbs/ Strength 

KINDS OF STRESSES the Strength sq. in. 2000 2500 3000 3750 5000 

FLEXURE fc n = 15 n =·12 n = 10 n=8 n=6 
Extreme fiber stress in compression 0.45 fc 900 1125 1350 1688 2250 b:l 
Extreme fiber stress in tension in plain con- 0.03 fc 60 75 90 113 150 0 

crete footings 
1./l 
>-l 

SHEAR as a measure of Diagonal Tension 0 

*Beams with no web reinforcement and with-
z 

out special anchorage of longitudinal steel 0.02 fc 40 so 60 75 100 
1./l 
0 

*Beams with no web reinforcement with spe- n 
>-< 

cial anchorage of longitudinal steel 0.03 fc 90 60 75 90 90 90 trJ 
>-l 

*Beams with web reinforcement but without >-< 
special anchorage of longitudinal steel 0.06 fc 180 120 150 180 180 180 0 

Beam with web reinforcement and with spe- "Ij 

cial anchorage of longitudinal steel 0.09 fc 270 180 225 270 270 270 n 
>-< 

Flat slabs at distance (d) from edge of column < >-< 
cap or drop panel (See also section 2641) 0.025 fc 50 63 75 94 125 i:-' 

Footings (See also section 2642) 0.02 fc 40 50 60 75 100 trJ 

BOND: z 
Plain bars or structural shapes (not to exceed 

C'l 
,...; 

160 lbs/sq. in.) 0.04 fc 160 8b 100 120 150 160 
z 
trJ 

Deformed bars (not to exceed 350 lbs/sq. in.) 0.05 fc 350 100 125 150 188 250 trJ 
!,j 

BEARING: 1./l 

On full area O.D25 fc 500 625 750 938 1250 
On one third or less concentrically applied 0.375 fc 750 938 1125 1405 1875 

AXIAL COMPRESSION: 
In columns with lateral ties 0.18 fc 360 450 540 675 900 
In columns with continuous spirals enclosing 

a circular core 0.225 fc 450 563 675 844 1125 

* Applies also to deformed bars with ordinary anchorage. 
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structurally the displaced concrete, provided they are of galvanized 
iron or steel not thinner than standard steel pipe, have a nominal 
inside diameter not over two inches, and are spaced not less than three 
diameters on centers. Embedded pipes or conduits other than those 
merely passing through shall not be larger in outside diameter than 
one third the thickness of the slab, wall or beam in which they are 
embedded, shall not be spaced closer than three diameters on centers, 
nor so located as to unduly impair this strength of the construction. 
Circular uncoated or galvanized electric conduit of iron or steel may 
be considered as replacing the displaced concrete. 

Section 2629. Allowable Unit Stresses in Concrete. 
(a) Reinforced concrete members shall be designed with reference 

to safe loads and working stresses. The unit stresses in pounds per 
square inch in concrete of the strength indicated shall not exceed the 
following allowable values, when (£

0
) is the strength at twenty-eight 

days or at the earlier age for which the concrete is designed to receive 
its full load. 

(b) The bond stress computed in accordance with section twenty
six hundred and forty-three may be allowed to reach double these 
values where special anchorage is provided as specified in section 
twenty-six hundred and forty-five. 

(c) The allowed bearing stress on an area greater than one third 
but less than the full area shall be interpolated between the values 
given in the table. 

( d) The ratio of the moduli of elasticity of steel and concrete 
shall be assumed as 

(n) = 30,000 
f'c 

Section 2630. Allowable Unit Stressed in Steel. 
(a) The following allowable unit stresses shall not be exceeded in 

reinforcing steel. 

Allowable Unit Stress (Pounds per Square Inch) 
Tension: 

Structural grade billet and rerolled axle steel bars 
Intermediate and hard grade billet steel bars 
Cold drawn steel wire or cold stretched expanded metal fabric 
Rerolled rail steel reinforcing bars 
Web reinforcement (steel) 

18,000 
20,000 
20,000 
20,000 
20,000 
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(b) The main reinforcement, Ys inch or less in diameter, in one
way slabs of not more than 12 foot span shall not exceed 50 percent 
of the minimum yield point specified in the Standard Specifications of 
the American Society for Testing Materials for the particular kind and 
grade of reinforcement used, but in no case shall exceed 25,000 psi. 

( c) Compression in vertical column reinforcement shall not ex
ceed forty percent of the minimum yield point specified in the Standard 
Specifications of the American Society for Testing Materials for the 

. particular kind and grade of reinforcement used, but in no case shall 
exceed 25,000 psi. 

( d) Allowable unit stress in the metal core of composite and 
combination columns ·shall not exceed the following: 

Structural steel sections 16,000 psi. 
Cast iron sections . 10,000 psi. 

( e) Compression in reinforcing steel except in columns shall not 
exceed (2n) times the compressive .stress in the concrete at a line in the 
cross-section through the center of the bars. 

( f) · The· modulus of elasticity shall be assumed as thirty million 
pounds per square inch. 

Section 2631. Design of Reinforced Concrete for Wind Loads. 

In designing the members of reinforced concrete structures to 
resist wind loads, the allowable unit stress for dead and live load and 
wind loads may be increased to four thirds of the allowable values 
specified in sections twenty-six hundred and twenty-nine and twenty
six hundred and thirty, but no member shall be of less capacity than 
that required if the wind load be neglected. 

Section 2632. Design of Reinforced Concrete in Flexure. 

(a) The accepted theory of flexure as applied to reinforced con
crete shall be applied to all members resisting bending. The following 
assumptions shall be made: · 

( 1) The steel alone resists tensile stress and acts only in 
the direction of its length. 

( 2) The ratio ( n) of the modulus of ela·sticity of the steel 
either in tension or compression to that of any given concrete 
is constant. 

( 3) Plane sections before bending remain plane after bend
ing. 
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(b) "Beams, slabs, frames or continuous construction shall be 
designed to resist safely the actual bending and shear produced by the 
loads and supporting forces under the existing conditions of end 
restraint or continuity. It is the intent of this part to require that the 
bending moments throughout the spans be determined so far as pos
sible consistently with the elastic deformation of the structure, being 
in general calculated according to the provisions of section twenty-six 
hundred and thirty-five by methods of elastic analysis; but they may 
in the special cases and with the limitations described in section twenty
six hundred and thirty-six be approximated by the use of arbitrary 
moment coefficients as provided therein. Wherever negative bending 
may occur, the full amount thereof shall be provided for, except in 
slabs thirty inches or less in span. 

Section 2633. Span Length of Reinforced Concrete Members. 

(a) Span lengths of freely supported beams and slabs shall be 
based upon the following assumed locations of the reactions. Where a 
beam or slab is continuous across the supporting member (beam, 
column, wall, etc.), the reaction shall be taken at the midpoint of the 
zone of bearing or at a distance from the start of bearing equal to one
half the depth of the supported beam or slab. 

(b) For frames comprised of integrally-connected slabs, beams, 
columns, etc., analyzed in accordance with the provisions of sections 
twenty-six hundred and thirty-five, span lengths shall be based on 
center-to-center distances between supporting members. However, only 
those portions of shear and moment diagrams which fall within the 
clear span lengths need be considered in proportioning the members. 

( c) For beams or slabs integral with supporting members, and for 
which bending moments are computed in accordance with the pro
visions of section twenty-six hundred and thirty-six, span lengths shall 
be taken as the clear distance between faces of supporting members. 

( d) In applying the arbitrary coefficients of section twenty-six 
hundred and thirty-six to continuous beams having brackets built to 
act integrally with both beam and support and of a width not less than 
the width of the beam and making an angle of at least forty-five de
grees or more with the beam, the effective span shall be measured 
from the section where the combined depth of beam and bracket is 
at least one third more than the depth of beam. Brackets making an 
angle of less than forty-five degrees with the beam may be considered 
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as increasing the effective depth of the beam, but not as reducing the 
effective span length. Beams shall be designed to resist at each section 
the bending there occurring. 

( e) Maximum negative moments are to be considered as existing 
at the ends of the span, as defined above. 

Section 2634. Depth of Reinforcod Concrete Beam and Slabs. 

(a) The depth of a beam or slab shall be taken as the distance 
from the centroid of the tensile reinforcement to the compression face 
of the structural member. Only floor finish placed monolithically with 
the floor slab shall be included as a part of the structural member. 
When the finish is placed monolithically with the structural slab it shall 
have an additional depth of ¼ inch over that required by the design of 
the member. 

(b) For beam and slab construction the total thickness for slabs 
shall not be less than three and one half inches except as provided in 

· sections twenty-six hundred fifty-three and twenty-six hundred fifty
nine. 

Section 2635. Analysis of Bending in Reinforced Concrete. 

(a) The determination of bending moments for the design of 
continuous members, restrained members or members in a frame by 
an elastic analysis shall be subject to the following limitations and 
assumptions. 

1. Supports afforded by beams, girders and columns of usual ar
rangement shall be assumed to be and remain in alignment conforming 
to the position of the unloaded member or frame. 

2. (a) The effect on bending moments in the spans produced by 
torsional resistance of interior supporting beams shall be neglected 
unless the restraint is computed and provided for in the spans and 
supports. 

(b) The stiffness of interior columns in structures of four 
bays or more in the direction under analysis shall be neglected unless 
the restraint is computed and provided for in the supports. 

( c) Restraint existing at interior supports of three bays .shall 
be computed and provided for in the spans and supports. 

( d) Restraint existing at exterior supports shall be computed 
and provided for in the spans and supports. 

3. In computing relative stiffnesses of continuous members or 
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members in a frame, the moment of inertia in any span, may be calcu
lated from the gross concrete sections neglecting reinforcement but not 
the flanges of T-beams. 

4. (a) In determining bending moments in any span, only load
ing on the span under consideration and adjacent spans, need be 
considered. 

For the negative moment at the support, live loading shall be 
applied to the spans adjacent to the support. 

For the positive moment in the span under consideration, live 
loads shall be applied only to this span and omitted from the adjacent 
spans. 

(b) For loading for column design, see Section 2 6 7 4. 
( c) The commissioner may approve analyses conforming to 

the intent of this part, based on accepted theory, and incorporating re
finements other than these provided herein; and he may require special 
analysis for extraordinary conditions of support, restraint, span lengths 
and distribution of load. 

Section 2636. Arbitrary Moment Coefficients for Reinforced Concrete. 

(a) In the case of a beam or slab, or a series of continuous beams 
or slabs with spans differing not more than twenty-five percent of 
the longer span, uniformly loaded, and falling within one of the speci
fied cases of restraint at the supports, designs may be made to resist 
bending moments computed by the arbitrary coefficients presented in 
this section, instead of by elastic analysis. 

(b) The coefficients of WL2 set forth in the following table 
may be used to compute the positive bending at mid-span and the 
negative bending at supports in the locations and under the conditions 
indicated. 

( c) In the use of this table negligible restraint shall be assumed 
for slabs supported on walls of masonry units, or on the upper flanges 
of steel beams not encased in concrete; and for beams supported on 
steel or cast iron columns not encased in concrete, or on combination 
columns, or on masonry piers or walls of any type other than re
inforced concrete columns, acting integrally therewith, or by other 
beams or girders; or on any supports which do not assure as great 
restraint as that described as "moderate". 

(d) Moderate restraint may be assumed for slabs supported by 
reinforced concrete beams, or by steel beams encased in concrete, or 
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by reinforced concrete walls; and for beams or girders supported on 
composite columns, or on reinforced columns, provided the slabs or 
beams act integrally with the support. 

( e) Full restraint may be assumed only for slabs acting integrally 
with supporting reinforced concrete walls, beams and columns and 
for beams or girders acting integrally with reinforced concrete columns 
and walls when (I/L) for the slab, beam or girder is less than the sum 
of the values of (I/h) for the walls or columns, respectively, above 
and below. In this section (I) represents the moment of inertia, cal
culated for the gross section of the concrete, neglecting reinforcement. 
(L) and (h) are span length and column or wall height, respectively. 

( f) In calculating negative bending at a support between two 
spans of unequal load or length, the average unit load over the two 
spans shall be used, and an assumed span which is two thirds the 
longer span plus one third the shorter span. 

(g) For continuous or restrained beams or girders subject to equal 
concentrated loads which occur at approximately regular intervals 
with a concentration at each support, the positive and negative bending 
may be determined as though the entire load were distributed uniform
ly on the beam or girder. 

Section 2637. Points of Inflection in Reinforced Concrete and Shear. 

The location of points of inflection, reactions and shears, shall be 
assumed consistently with the loading and the computed distribution 
of bending moments. In the three cases of slabs and beams of two or 
more continuous spans when the arbitrary coefficients for bending of 
section twenty-six hundred and thirty-six may be applied, the reactions 
on end supports shall be taken as forty per cent for Case 1, forty-five 
per cent for Case 2, and fifty per cent for Case 3, of the load on the 
end span, and the reaction on the first interior support shall be com
puted accordingly; the loads on interior spans may be assumed as 
evenly divided between supports in determining shears and reactions. 

Section 2638. Diagonal Tension in Reinforced Concrete Beams. 

(a) Reinforced concrete beams (including ribs of ribbed and 
combination slabs, and other members subject to bending) shall be 
designed to resist the diagonal tension in their webs without exceed
ing the stresses prescribed in sections twenty-six hundred and twenty
nine and twenty-six hundred and thirty. 
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(b) For the purpose of design, the diagonal tension in the web of 
a beam shall be assumed to be directed at angle of forty-five degrees 
with the axis of the beam, and its intensity to be equal to the unit 
shear, computed by formula:-

V = V 

b'jd 

In this formula (b') is to be taken as the width of the concrete section 
between the tensile steel and the compressive flange, the average width 
if the sides slope but not over twenty per cent more than the minimum. 

(c) Where the value of the shearing unit stress computed by the 
formula in (b) exceeds the shearing unit stress v permitted on the 
concrete of an unreinforced web, web reinforcement shall be provided 
to carry two-thirds of the total shear at the section or the excess which
ever is greater. 

(d) In continuous or restrained beams or frames, except T-beams 
with integral slabs cast monolithically, web reinforcement shall be 
provided from the support to a point beyond the extreme position of 
the point of inflection a distance equal to either 1/16 of the clear span, 
or the depth of the member, whichever is greater, even though the 
shearing unit stress does not exceed the allowable v. Such reinforce
ment shall be designed to carry at least two-thirds of the total shear 
at the section. 

Section 2639. Types of Web Reinforcement. 

(a) Web reinforcement shall consist of vertical stirrups or of 
stirrups or bars inclined at an angle of not less than fifteen degrees 
with the axis of the beam. 

(b) Special arrangements of bars with adequate provisions to 
prevent slip of bars or splitting of the concrete by the reinforcement 
may be used subject to the approval of the commissioner. 

( c) The shearing unit stress permitted when special arrange
ments of bars are employed shall be determined by making compara
tive tests, to destruction, of specimens of the proposed system and of 
similar specimens reinforced in conformity with the provisions of this 
code, the same factor of safety being applied in both cases. 

( d) Web reinforcement shall be considered effective only to the 
extent that its stress can be developed by bond and anchorage as pro
vided in section twenty-six hundred and forty-six. 
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Section 2640. Design of Web Reinforcement. 
(a) A web reinforcing bar, whether vertical or inclined, shall be 

considered to afford for resistance to diagonal tension the component 
of its tensile stress in the direction of the diagonal tension. The spacing 
of stirrups ( or the length of beam over which the resistance of a stirrup 
or bar is effective) is therefore determined by the following formula:-

Av fv jd (cos a+ sin a) 
s = V' 

For vertical stirrups this becomes: -

Avfvjd 
s = V' 

And for stirrups or bars inclined at forty-five degrees:

- Avfv jd 
S- 0.7V' 

(b) In the formulas of this section (V') is that portion of the 
shear in the beam at any cross section which web reinforcement is 
required by the provisions of Section 2638. The spacing (s) of stirrups, 
vertical or inclined, or of bars inclined at not less than forty-five de
grees shall not exceed three fourths the effective depth of the beam. In 
the case of bars inclined at less than forty-five degrees, (s) shall not 
exceed three fourths the axial projection of the inclined length. 

(c) In portions of beams where the unit shear exceeds (0.06 f'
0

) 

the limits for (s) shall be reduced by changing the fraction three
fourths to one-half in the preceding paragraph. 

( d) Where web reinforcement is required, the amount used shall 
be not less than 0.15 percent of the area computed as the product of 
the width of the member at mid depth and the horizontal spacing of 
the web reinforcement. 

Section 2641. Shearing Stress in Concrete Flat Slabs. 
(a) In flat slabs, the shearing unit stress on a vertical section 

which lies at a distance ( d) from the edge of the column or column 
capital and parallel with it, shall not exceed the following allowable 
values when computed by the formula given in Section 2638 for shear
ing unit stresses in beams. 

1. 0.003 f'0 , but not to exceed 100 P. S. I., when at least 
50% of the total negative reinforcement required for bending in 
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the column strip passes directly over the column capital, or over 
the column plus 2d where no capital is used. 

2. 0.025 f'c but not to exceed 85 P. S. I., when at least 25% 
of the total negative reinforcement for bending in the column strip 
passes directly over the column capital or over the column plus 2d 
where no capital is used. 

3. For intermediate percentages, proportionate intermediate 
values of the allowable shearing unit stress shall not be exceeded. 

(b) In flat slabs, the shearing unit stress on a vertical section 
which lies at a distance ( d) from the edge of the dropped panel and 
parallel with it shall not exceed (0.03 f'c). 

( c) For the purposes of this section ( d) shall be the average 
depth at the section in question from the compressive surface of the 
concrete to the center of the tensile reinforcement for negative bending. 

( d) No slab opening shall be permitted so that the column forms 
a side of the opening. There shall be a distance of at least 2d between 
the face of the column and the near side of an opening. The unit 
shear at the opening in the band in question shall not exceed the above 
allowable stresses. 

Section 2642. Shear and Diagonal Tension in Footings. 

(a) The shearing unit stress computed by the formula given in 
section 2638 on any vertical peripheral or plane section of a footing at 
a distance ( d) from the face of the supported column or pier and 
parallel with it shall not exceed (0.02 f'c) for footings with plain 
straight bars with a maximum of 80 P. S. I. nor (0.03f'c) for footings 
in which the bars have special anchorage as specified in section 2645 
with a maximum of 120 P. S. I. nor (0.03f'c,) for footings in which the 
bars are deformed, with a maximum of 120 P. S. I. 

(b) In footings supported on piles, the critical section for diago
nal tension shall be considered at a distance ( d/2) from the face of 
the supported column or pedestal and any piles whose centers are at 
this section or nearer the supported column or pedestal shall be ex
cluded in computing the shear. 

Section 2643. Bond Stress in Reinforced Concrete. 

(a) Members subject to bending shall be so proportioned that the 
increments of stress in the tensile steel are transmitted to it from the 
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concrete in which it is embedded, without producing bond stress exceed
ing that specified in section twenty-six hundred and twenty-nine. 

(b) In beams in which the tensile reinforcement is parallel to the 
compressive face, and is not specially anchored, the bond stress ( u) 
shall be assumed to be determined by the following formula:-

V 
u - --- g jd 

(c) In non-prismatic or wedge-shaped beams, as represented by a 
cantilever brack~t, a sloped top footing, or a beam with cambered com
pressive face, in which the depth of the beam is increased in the direc
tion of increasing bending moment, the bond stress is not proportional 
to the shear, being at all sections smaller than indicated by the formula 
of paragraph (b) for a prismatic beam of depth equal to the depth at 
the section considered. For such beams the bond stress shall be as
sumed to be determined by the following formula:-

u = gVjd X ( 1 - m : ) 

in which (m) is the tangent of the angle between the compressive face 
and the tensile reinforcement. 

( d) In applying the formulas of paragraphs (b) and ( c) to any 
section of a beam in which the tensile reinforcement is varied by 
bending or discontinuing a portion of the bars, there shall be counted 
as contributing their perimeters to bond resistance only those bars 
at that section and in the plane of the main longitudinal tensile steel, 
in which tensile stress is increasing consistently with the assumptions 
under which the beam is designed. 

( e) Special anchorage adequate to justify increased bond stress 
shall be capable of developing the maximum tension in the bars in 
excess of that developed by bond at its allowable value. The excess 
tension (T') shall be determined by the formula:-

T' = T ( 1 - ~) 

in which (T) is the maximum tensile stress. 
(u') i~ the allowable stress in bond for unanchored reinforcement. 
( u) is the maximum bond stress computed by one of the formulas of 

paragraphs (b) and ( c). 
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Section 2644. Ordinary Anchorage of Reinforcement. 

(a) Reinforcement acting in tension at a restrained end of a 
beam or in a cantilever shall have anchorage on both sides of the face 
of the support and beyond the point where any portion of the rein
forcement is discontinued sufficient to develop the tension in each of 
the bars. This anchorage may be obtained by bond, hooks or mechan
ical anchors in or through the supporting members. 

(b) In a restrained beam at least one third of the tensile rein
forcement for negative bending shall be extended at least to the point 
of inflection of the beam. 

( c) At least one fourth of the tensile reinforcement for positive 
bending in a beam shall be extended at least to the end of the span. 
Bars not so extended may be bent across the web, becoming continuous 
with the negative reinforcement, or otherwise anchored in a region of 
compression. 

Section 2645. Special Anchorage of Reinforcement. 

(a) Where, by reason of special anchorage of plain reinforcement, 
increased shearing stresses are allowed, reinforcement in the proportion 
specif1ecl i11 ser:.linn ?.644 sl1all be exlernlecl i11 beains as there spec:if1ecl 
and anchoragP. shall further be providecl hP.yond the points of inffor.tion 
for thP. nP.gat.ive reinforcement of rest.rained beams, and hP.yoncl thP. r.ncl 
of the sµan for pusilive reinforcement uf freely supported beams, suf
ficient to develop at least one half of their allowable tensile stress. 

Plain bars in footing slabs shall be anchored by means of standard 
hooks. The outer faces of these hooks ancl thP. encls of deformP.cl hars 
shall Le nul less Lhan 3" nor more than 6" from Lhe face uf Lhe fouling. 

(b) Where anchorage is furnished by extension of the plain bars, 
such extension may be assumed to provide an anchorage capacity equal 
to the embedded surface multiplied by the allowable unincreased unit 
bond resistance specified in section twenty-six hundred and twenty
nine. 

( c) The term "standard hook" as used herein shall mean either 
1. A complete semicircular turn with a radius of bend on the 

axis of the bar of not less than three and not more than six bar 
diameters, plus an extension of at least four bar diameters at the 
free end of the bar, or 

2. A 90-deg bend having a radius of not less than four bar 
diameters plus an extension of 12 bar diameters, or 
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3. For stirrups anchorage only, a 135-deg turn with a radius 
on the axis of the bar of three diameters plus an extension of at 
least six bar diameters at the free end of the bar. 

( d) Hooks having a radius of bend of more than six bar diameters 
shall be considered merely as extensions to the bars. 

(e) No hook shall be assumed to carry a load which would pro
duce a tensile stress in the bar greater than 10,000 psi. 

( f) Hooks 'shall not be considered effective in adding to the com
pressive resistance of bars. 

(g) Any mechanical device capable of developing the strength of 
the bar without damage to the concrete may be used in lieu of a hook. 
Tests must be presented to show the adequacy of such devices. 

Section 2 646. A nchor,age of Web Rein/ or cement. 
(a) The stress in a stirrup or web reinforcement bar for resistance 

of diagonal tension in a beam shall not exceed the capacity of its 
anchorage in the upper or lower one half of the effective depth of the 
beam not the allowable stress specified in section twenty-six hundred 
and thirty. 

(b) Web reinforcement which is provided by bending into an in
clined position one or more bars of the main tensile reinforcement 
where not required for resistance to positive or negative bending shall 
be considered completely anchored by continuity with the main tensile 
reinforcement or by embedment of requisite length in the upper or 
lower half of the beam, provided at least one half of such embedment 
is as close to the upper or lower surface of the beam as the require
ments of fire or rust protection allow. A hook placed close to the upper 
or lower surface of the beam may be substituted for a portion of such 
embedment. 

( c) Stirrups shall be anchored at both ends by one of the follow
ing methods or by combination thereof:-

1. By a standard hook, considered as developing 10,000 psi, 
plus embedment sufficient to develop by bond the remaining stress 
in the bar at the unit stress specified in Section 2629. The effective 
embedded length of a stirrup leg shall be taken as the distance 
between the mid depth of the beam and the tangent of the hook. 

2. Welding to longitudinal reinforcement. 
3. Bending tightly around the longitudinal reinforcement 

through at least 180 deg. 
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4. Embedment above or below the mid depth of the beam 
on the compression side, a distance sufficient to develop the stress 
to which the bar will be subjected. 

(d) Between the anchored ends, each bend in the continuous por
tion of a U- or multiple U-stirrup shall be made around a longitudinal 
bar. 

( e) Hooking or bending stirrups around the longitudinal rein
forcement shall be considered effective only when these bars are 
perpendicular to the longitudinal reinforcement. 

( f) Longitudinal bars bent to act as web reinforcement shall, in 
a region of tension, be continuous with the longitudinal reinforcement. 
The tensile stress in each bar shall be fully developed in both the 
upper and the lower half of the beam. 

(g) In all cases web reinforcements shall be carried as close to 
the compression surface of the beam as fireproofing regulations and 
the proximity of other steel will permit. 

Section 2647. Slenderness of Reinforced Concrete Beams. 

The clear distance between lateral supports of a beam shall not 
exceed thirty-two times the width of the compression area of the cross
section. 

Section 2648. T-Beams of Reinforced Concrete. 

(a) In T-beam construction the slab and beam shall be built 
integrally or otherwise effectively bonded together. The effective flange 
width to be used in the design of symmetrical T-beams shall not 
exceed one-fourth of the span length of the beam, and effective width 
on either side of the web shall not exceed eight times the thickness of 
the slab nor one-half the clear distance to the next beam. 

(b) For beams having a flange on one side only, the effective over
hanging flange width shall not exceed 1/12 of the span length of the 
beam, nor six times the thickness of the slab, nor one-half the clear 
distance to the next beam. 

( c) Where the principal reinforcement in a slab which is con
sidered as the flange of a T-beam ( not a joist in concrete rib floors) 
is parallel to the beam, transverse reinforcement shall be provided in 
the top of the slab. This reinforcement shall be designed to carry the 
load on the portion of the slab required for the flange of the T-beam. 
The flange shall be assumed to act as a cantilever. The spacing of 
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the bars shall not exceed five times the thickness of the flange, nor in 
any case 18 in. 

(d) Isolated beams in which the T-form is used only for the pur
pose of providing additional compression area, shall have a flange 
thickness not less than one half, and a total flange width not more 
than four times, the web thickness. 

( e) The overhanging portion of the flange of the T-beam shall 
not be considered as effective in computing the shear and diagonal 
tension resistance. 

Section 2649. Compression Reinforcement in Beams and Girders. 
(a) Steel reinforcing bars in compression in girders and beams 

shall be thoroughly anchored against buckling by ties or stirrups not 
less than one quarter inch in diameter spaced not further apart in the 
region where compression steel is required than twelve times the 
diameter of the bars, or by equivalent lateral support. 

(b) Provision shall be made for the compressive stress at the 
support in continuous beam construction taking care to fully meet the 
requirements for spacing of bars and proper placement of concrete. 

Section 2650. Structural Steel Beams Encased in Concrete. 
(a) Structural steel beams which are fireproofed by being wholly 

encased in the concrete of a reinforced concrete floor or roof may be 
designed for bending as composite beams, the two materials assumed 
Lu act elastically together, the concrete nol to ad i11 Leusiun, Lhe slresses 
in the respective materials not to exceed those allowed by this code. 

(b) Any steel beam or girder completely encased as described 
in paragraph (a) having a compressive strength of at least two thou
sand pounds per square inch and comprising an integral part of a 
complete floor system such as concrete slabs and beams, in conformity 
with section twenty-six hundred and forty-eight, may have its resist
ance to bending increased fifteen per cent. 

( c) Stresses allowed in paragraph ( b) shall be allowed in tension 
members of trusses, if the requirements of this section are fulfi:Ied. 

Section 2651. Shrinkage and Temperature Reinforcement. 
(a) Reinforcement for shrinkage and temperature stresses shall 

be provided in floor and roof slabs perpendicular to the reinforcement 
for bending where this runs in one direction only. Such reinforcement 
shall have an area of cross-section not less than two one thousandths 
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limes the area of lhe curH:rel.e and bars sl1all he sprtred 1101 11.10,e ll1a11 
five times the slab thickness nor more than eighteen inches. 

(b) In reinforced concrete spandrel beams and parapet walls 
shrinkage reinforcement shall be provided, in amount not less than one 
half of one per cent, in addition to the reinforcement for bending. Such 
reinforcement shall be continuous and rods shall be spliced by lapping 
or otherwise, except at expansion joints. 

( c) Consideration shall be given to the stresses due to expansion 
and shrinkage in buildings more than two hundred feet long and 
provision shall be made satisfactory to the commissioner for avoiding 
excessive stress. In buildings longer than four hundred feet expansion 
joints slrnJ.l be pruvide,J rwl uwre lhan three hundred feet aparl. Sud1 
joints shall be constructed with at least one inch opening and shall 
allow for expansion of earh c;ertinn nf building not less than nne half 
inch for every one hundred feet of its length. 

Section 2652. Concentrated Loads on Concrete Slabs. 
(a) This section relates to the computation of bending and shear 

stresses associated with known or probable load concentrations. The 
actual width of concentration w, when known, shall be inserted in 
the expressions for effective strip width w

0 
given below. When the 

actual values of concentrated load are unknown and the minimum 
values specified in Ser.ti on ?..~06 are applied in lieu thereof, the wirlth 
of concentration w shall be taken as two and one-half feet, and so 
inserted in the expressions for effective width we given below. 

(b) For concentrated loads on one-way slabs the bending mo
ments and shears may be assu111eJ lu Le uniformly distiiLuleJ uver au 
effective slab width we normal to the span as follows: 
Solid concrete construction .................... we = w + 0.8s 
Combination floor construction ................. we = w + 0.6s 
Ribbed floor construction ....................... we = w + 0.4s, but not more 

than w plus twice the rib 
spacing 

where w is the width of concentration as defined in (a) above, and s i~ the distance 
from the nearer support to the center of the concentration. 

When the distance from center of concentration to an edge of the 
slab is less than one-half the above tabulated value, the effective width 
shall be taken as one-half the tabulated value plus the distance to the 
slab edge. In no case shall we be taken greater than the slab width. 
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( c) If adequate bridging is provided to distribute concentrations 
among adjacent ribs the effective width we for combination and ribbed 
slabs may be taken as for solid slabs. In the case of ribbed slabs unless 
the bridging has approximately the same spacing as the ribs not more 
than three adjacent ribs shall be assumed to share the load. 

(d) Concentrated loads on two-way slabs may be carried on one 
span direction or may be apportioned between the two spans. If both 
spans are utilized the load shall be divided between them in inverse 
proportion to the deflections, at the concentration, ·which ,vould occur 
in earh span if it were carryine thP entire concentrated load Tn rnm
puting these fH:Liliuus Jeileclions the effeclive w iulh uf strip we, in each 
direction, may be used, and proper allowance shall be made for the 
conditions of restraint at each end of Parh span. For deflection romp11-
tations moments of inertia may he based on the gross ronrrPte sPctions 
of strips. For the portion of load carried in each span bending mo
ments and shears may be uniformly distributed over an effective width 
we as defined in (b) above. It should be noted that effective widths 
generally will differ for the two spans. 

( e) When a concentrated load is located within the zone of a flat 
slab defined by the intersection of two middle strips this zone may be 
treated as a two-way slab for the purpose of determining the apportion
ment of load to each of the two directions. The computation of load 
apportionment is as described in ( c) above, but the zone edges may 
all be considered as simply-supported. In computing effective strip 
widths wei for purposes of the load apportionment analysis the distance 
s should be taken from the center of concentration to the near zone 
boundary. Strip widths thus computed should be used only for load 
apportionment analysis and not for subsequent lateral distribution of 
shear force and bending moment. Shear and bending moment are to be 
cuwputed in each strip, trealiug Lhe sltips as continuous beams, with 
spans equal to length and width of the full panel. Bending moments 
and shears in each strip may be assumed to be uniformly distributed 
over an effective width of strip equal to the width of concentration 
normal to the strip span plus eight times the slab thickness. Column 
strips supply the support reactions for the strips passing under the 
load concentrations. These reactions should be treated as loads on the 
column strips, and the resulting shears and bending moments may 
be assumed to be distributed uniformly across the full column strip 
widths. 
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When a concentratecl loan is locatecl wholly within the zone of a 
flat slab defined by the intersection of a middle strip with a column 
strip it shall be assumed to be carried solely by the column strip. The 
resulting bending moments and the shears ( other than those at the 
perimeter of column or .column capital) may be treated as uniformly 
distributed over an effective width equal to the width of concentration 
plus eight times the slab thickness, or the width of column capital 
( or column if there is no capital) plus eight times the slab thickness, 
whichever is larger. In computing shear stress at the perimeter of 
column capital ( or column if there is no capital) the effective length 
of perimeter shall be taken as the arc length defined by lines from the 
load concentration tangent to the perimeter. 

When a concentrated load is located within the zone of a flat slab 
defined by intersecting column strips it shall be assumed to be carried 
by a radial strip cantilevering from the column capital ( or column if 
there is no capital) to the load concentration. The width of the strip 
shall be defined by lines from the sides of the load concentration tan
gent to the perimeter of the capital ( or column if there is no capital). 
Shear and bending moment may be distributed over the strip width so 
defined; shear at the perimeter of column capital ( or column if there 
is no capital) may be uniformly distributed over the arc length de
fined by. the two tangent lines. 

(f) When multiple concentrated loads occur on a slab their effects 
(shear and bending moments) must be combined when the load posi
tions are such as to cause overlapping of the respective effective widths 
of parallel supporting strips. 

(g) When a heavy concentrated load is applied over a small slab· 
areas shearing stress shall be computed not only on sections across 
supporting strips, as specified above, but also on a vertical section 
around the be!].ring zone and at a distance therefrom equal to the effec
tive slab depth d. This stress shall not exceed 0.02 f/. 

Section 2653. Concrete Ribbed and Combination Slabs. 

(a) Ribbed roof and floor construction consists of concrete ribs, 
not. over twenty inches apart between faces, running in one or two 
directions and topping placed monolithically with the ribs. One way 
ribbed systems without fillers shall have cross bridging at a spacing not 
to exceed 32 times the rib thickness. The ribs shall be straight and of 
a width not less than four inches nor less than one third the depth. 
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The topping shall be of sufficient strength to transmit loads coming 
upon it to the adjacent ribs and shall be not less than two inches thick. 
Ribbed slabs shall be reinforced at right angles to the ribs with a 
minimum of forty-nine one thousandths square inch of reinforcing 
steel per foot and in slabs on which the prescribed live load does not 
exceed fifty pounds per square foot, no additional reinforcement shall 
be required. 

(b) Combination floor construction consists of concrete ribs run
ning in one or two directions, with masonry fillers, filling the entire 
space between ribs, and either with or without a monolithic concrete 
topping over the ribs. Each masonry filler shall have contact with ribs 
on two opposite sides. Ribs shall be not over twenty inches apart 
between faces, shall be straight and of a width not less than four 
inches nor less than one third the depth. Either the fillers or the topping 
over them, or the combination of the two shall be of sufficient strength 
to transmit any load coming on them to the adjacent ribs. If a mono
lithic topping is used, it shall be not less than one inch thick. 

( c) If structural fillers as specified in paragraph ( e) are used, 
then, and not otherwise, certain portions of them may be included 
with the concrete in calculations of resistance to shear and bending, 
but the amount included shall nowhere exceed the actual thickness of 
the portion of the filler nor one and one half inches. In one-way con
struction the webs of structural fillers which are in contact with the 
concrete ribs and where there is a topping the web in contact therewith 
may be included with the concrete in calculations of resistance to shear 
and bending. In construction in which the ribs run in both directions 
and at approximately the same distance on centers, and whether de
signed as one-way or two-way slabs, the webs in contact with the 
concrete ribs may be included in calculations of resistance to shear 
and bending and the top and bottom webs may be included in calcu
lations of resistance to bending. 

( d) The maxim um stress in both the concrete and the filler shall 
not exceed that allowed in the weaker of the two materials. 

( e) A structural filler, for the purpose of this section, shall have 
an ultimate strength in compression, on its net section, when tested 
on end at the age of twenty-eight days, of not less than two thousand 
pounds per square inch. If structural clay tiles are used as fillers they 
shall at least equal those classified as Grade B in Part 24 of this code. 
Gypsum tile shall not be used as a structural filler. 
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(f) The unit extreme compressive fiber stress in the filler tile 
shall not exceed four tenths of its ultimate unit compressive strength, 
determined for the net section from an average of three fillers tested 
on end at an age of twenty-eight days. The unit stress allowed in shear 
computations shall not exceed one quarter of the average ultimate 
strength in shear of the joint betwen the ribs and the filler blocks. 

(g) Where the topping contains conduits or pipes, the thickness 
shall not be less than one inch plus the total overall depth of such 
conduits or pipes at any point. Such conduits or pipes shall be so 
located as not to impair the strength of the construction. 

(h) Shrinkage reinforcement shall be provided in the slab as 
required in section twenty-six hundred and fifty-one. 

(i) Neither paper, wood, nor roofing material shall be used be
tween or at the ends of structural hollow masonry fillers included in 
calculations of resistance to shear or bending to prevent concrete from 
flowing into the interstices thereof, nor any other material that would 
impair the bond between the end of the filler and the concrete, but 
this shall not prevent the use of such materials when inserted in but 
not projecting from the openings of the fillers nor the use of the same 
material that is permitted for the fillers themselves. If concrete is 
allowed to penetrate the interstices of hollow masonry fillers, the weight 
thereof shall be included in the dead load to be supported. The webs 
of structural filler units whose ends are thus in contact with the con
crete may be included in calculations of resistance to bending. 

Section 2654. Two-Way Slabs of Reinforced Concrete. 

(a) Concrete slabs, either solid, ribbed or combination slabs, 
supported on four sides by beams, girders or walls, and reinforced to 
span in two directions shall be designed in accordance with the provi
sions of this section. 

(b) The slab shall be regarded as consisting of a series of ad
jacent strips of unit width spanning in each direction. In computations 
for shear and diagonal tension, bond, and for the loading of supporting 
members, each strip, spanning in either the longer or the shorter direc
tion, shall be assumed to carry and transmit to its supports a total load 
(W), represented by the expression: 

W = ¼ C0 r W L = ¼ C0 W L 1 

in which ( w) is the total load per unit area of the slab. 
(L) is the span of the strip. 
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(L1 ) is the width of the panel transverse to the span. 
( r) is the ratio of L1 to L. 
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( C0 ) is a coefficient dependent on the position of the panel relative 
to adjacent panels continuous with it at its ends and sides, 
as indicated on the accompanying diagram. Full restraint at 
end support, as defined in section twenty-six hundred and 
thirty-six, shall be considered equivalent to continuity m 
determining (C0 ). 

MARGINAL l3EAM OR WAJ.L 
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( c) The positive bending moment for a strip of unit width in 
the middle half of the panel, spanning in either direction, shall be 
assumed as given by the following formula:-

M= 0.33 C1Cor2wL2 = 0.33 clc·owL/ 

in which (C1 ) is a coefficient for bending determined in accordance 
with the conditions of restraint at end supports of the strips as pro-
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vided in section twenty-six hundred and thirty-five or section twenty
six hundred and thirty-six. 

( d) Negative moments at end adjacent to supports between two 
panels shall be determined by the formula given in paragraph ( c) for 
positive moment taking ( C1 ) as the coefficient for negative moment 
determined according to section twenty-six hundred and thirty-five or 
section twenty-six hundred and thirty-six, and in case the conditions 
of continuity in the two panels are different, taking the mean value 
of (C

0
). 

( e) The positive bending in strips of unit width in the outer 
quarters of the panel may be assumed to be three quarters of that of 
the strips of the middle half. 

(f) Lines of inflection in a two-way panel shall be assumerl at 
a distance of one fourth of its shorter span from supports over which 
the slab is continuous. 

Section 2655. Limitations Upon Reinforced Concrete Flat Slabs. 
(a) The term "flat slabs" as used herein refers to concrete slabs 

reinforced in two or more directions, generally without beams or 
· girders to transfer the loads to supporting members. 

(b) The use of empirical design coefficients given in Section 2 65 7 
is limited to those slabs comprised of at least three panels in each direc
tion, with panels whose lengths do not exceed 1 .½ times their widths, 
and having adjacent span lengths differing by not more than 2 5 percent 
of the longer span. Flat slabs of other arrangements shall be designed 
on the basis of moments and shears determined by methods in ac
cordance with established principles of mechanics. 

( c) Flat slabs with paneled ceiling or with dropped panels may 
be proportioned by the methods herein specified provided the dropped 
panel shall have a length or diameter in each rectangular direction not 
less than one third the panel length in that direction, and the thick
ness of the thicker portion of the slab shall not exceed one and one half 
times that of the remainder. In the ceilings of flat slabs, concrete 
between rods in tensile regions and in compressive regions where it 
can be spared may be displaced by permanent or removable fillers, pro
vided allowable stresses are not exceeded in the concrete which remains 
and provided the tensile stress in the reinforcing rods in that region 
shall not exceed eight ninths the stress allowed in the reinforcement 
of solid concrete slabs. Compression concrete above such fillers shall 
have a thickness not less than two inches, and the construction shall 
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safely support any concentration of load that may come upon it. The 
term "slab thickness" used in connection with such construction shall 
refer to the total thickness of the structural concrete. 

( d) Column capitals, if of concrete, shall be of the mixture re
quired for the column up to a level where the area of a horizontal 
section is fifty percent more than the gross area of the shaft of the 
column. In dimensioning the concrete capital for design purposes, no 
portion of the capital shall be considered which lies outside the largest 
ninety-degree circular cone contained within its outlines. The diameter 
of the capital shall be measured for design purposes at the junction 
of the cone with the bottom of the slab or dropped panel. 

( e) Column capitals of structural metal, whether contained 
wholly within the thickness of the slab and drop panel, or not, may be 
substituted for concrete capitals, provided they meet the following 
requirements. 

1. They shall have the same protection against fire as is re
quired for other applications of the kind of structural metal in 
similar exposures. Where slab reinforcing bars pass between the 
structural metal and a slab surface the cover for such bars shall 
likewise satisfy the fire protection requirements for the given 
exposure. 

2. They shall provide support for the slab or dropped panel 
at a distance above the bottom thereof not substantially greater 
than the requirement for fire protection, and such support shall 
either be continuous along the periphery of the capital or with 
intervals not greater than three times the thickness of concrete 
slab, or slab and drop panel. 

3. They shall be proportioned to resist, without exceeding 
stresses allowed in this code for the kind of metal used, a load 
comprised of the shear existing in the slab, or slab and drop 
panel, at the periphery of the capital. When the capital includes a 
continuous periphery member the slab shear force shall be com
puted on a section defined by the location of this member and 
shall be applied to this member. When there is no periphery 
member the slab shear force shall be computed on a periphery 
defined by lines joining the ends of the several arms of the capital. 
Unit bearing stress on periphery members, or on bearing areas at 
the ends of capital arms, when periphery members are omitted 
the proportions of the capital arms plus bearing brackets which 
may be attached thereto shall be such as to provide the required 
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bearing area. The length of the bearing zone from the exterior 
end of the capital arm shall not exceed the depth of slab, or slab 
plus drop panel. 

4. The capitals shall be so arranged and so designed as to 
permit the proper placement of concrete in and about them with
out pockets or voids, and to provide for the transmission of load 
from columns above to columns below. 

5. For purposes of computing unit shear stress in the slab, or 
slab and drop panel, the edge of the column capital shall be as
sumed to be located at the edge of the periphery member. Where 
periphery members are omitted, the edge of the capital shall be 
assumed to be defined by lines joining the ends of the capital 
arms. 

6. Column capitals of structural metal, as defined above, 
will not be assumed to reduce the effective span used in computing 
slab bending moments, except as hereinafter noted. The diameter 
of column capital c, which appears in the expression for bending 
moment given in section 2657, shall be assumed to be the column 
diameter, unless the structural metal capital has a depth at the 
column face equal to at least twice the thickness of slab, or slab 
and drop panel. The column strip negative reinforcement shall be 
proportioned for negative moment without reduction for the effect 
of upward forces which the structural column imposes on the slab. 

Section 2656. Assumptions in Concrete Flat Slab Design. 
(a) A flat slab panel shall be considered as consisting of strips, 

parallel to sides of the panel, as follows:-
1. A middle strip one half panel in width, symmetrical with 

respect to the panel center line. 
2. A column strip one half panel in width made up of two 

quarter panel areas outside the middle strips. 
3. The strips shall be considered in each rectangular direc

tion for the computation of bending moments. 

(b) The critical sections for bending for flat slabs to which the 
empirical design coefficients are applicable are referred to as principal 
design sections and are located as follows:-

1. Sections for negative bending shall be taken along the 
edges of the panel at ends of the strips, on center lines of 
columns, and around the periphery of the column capital. 

2. Sections for positive bending shall be taken at mid-length 
of the strips, on the center line of the panel. 



PART 26 - BOSTON BUILDING CODE 331 

( c) For flat slabs when the empirical design coefficients are not 
used the analysis for bending moments and shears should be based on 
the following assumptions. 

1. The structure may be considered divided into a number 
of bents, each consisting of a row of columns or supports and 
strips of supported slabs, each strip bounded laterally by the 
centerline of the panel on either side of the centerline of columns 
or supports. The bents shall be taken longitudinally and trans
versely of the building. 

2. Each such bent may be analyzed in its entirety; or each 
floor thereof and the roof may be analyzed separately with its 
adjacent columns as they occur above and below, the columns 
being assumed fixed at their remote ends. Where slabs are thus 
analyzed separately, it may be assumed in determining the bend
ing at a given support that the slab is fixed at any support two 
panels distant therefrom beyond which the slab continues. 

3. The joints between columns and slabs may be considered 
rigid, and this rigidity (infinite moment of inertia) may be as
sumed to extend in the slabs from the center of the column to the 
edge of the capital, and in the column from the top of slab to the 
bottom of the capital. The change in length of columns and slabs 
due to direct stress, and deflections due to shear, may be neglected. 

4. The moment of inertia of the slab or column at any cross 
section may be assumed to be that of the cross section of the 
concrete. Variation in the moments of inertia of the slabs and 
columns along their axes shall be taken into account. 

5. Where the load to be supported is definitely known, the 
structure shall be analyzed for that load. Where the live load is 
variable but does not exceed three-quarters of the dead load, or 
the nature of the live load is such that all panels will be loaded 
simultaneously, the maximum bending may be assumed to occur 
at all sections under full live load. For other conditions, maxi
mum positive bending near midspan of a panel may be assumed 
to occur under full live load in the panel and in alternate panels; 
and maximum negative bending in the slab at a support may be 
assumed to occur under full live load in the adjacent panels only. 

6. Critical sections-The critical section for negative bend
ing, in both the column strip and middle strip, may be assumed 
as not more than the distance D from the center of the column or 
support and the critical negative moment shall be considered as 
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extending over this distance. Where D is the distance in the di
rection of span from center of support to the intersection of the 
centerline of the slab thickness with the extreme 45-degree di
agonal line lying wholly within the concrete section of slab and 
column or other support, including drop panel, capital and 
bracket. 

7. Distribution of panel moments-Bending at critical sec
tions a.cross the slabs of each bent may be apportioned between 
the column strip and middle strip, as given in the table. For 
design purposes, any of these percentages may be varied by not 
more than 10 percent of its value, but their sum for the full panel 
width shall not be reduced. 

SECTION 2656 
Distribution between Column Strips and Middle Strips in Percent of Total 

Moments at Critical Sections of a Panel 

Negative moment at 
exterior support 

Slab sup-
ported on Slab supported 
columns on reinforced 
and on concrete bear-

beams of ing wall or 
total columns with 

Negative depth beams of total 
moment equal to depth equal or 

at the slab greater than 
interior Positive thick- 3 times the 

Strip support •moment ness* slab thickness* 

Column strip 76 60 80 60 

Middle strip 24 40 20 40 
Total depth of 

Half column beam equal to 
· strip ad- slab thickness* 38 30 40 30 

jacent and 
Total depth of parallel to 

marginal beam or wall 

beam or equal or greater 

wall than 3 times 
slab thickness* 19 15 20 15 

* Interpolate for intermediate ratios of beam depth to slab thickness . 
. ; NOTE: Tl\e total dead and live load reaction- of .a. panel adjacent to _a i:narninal: .. 

beam or wall may be divided between the beam or wall and the parallel half 
column strip in proportion to their stiffnesses, but the moment provided in the 
slab shall not be less than given in this Table. 
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Section 2657. Bending in Interior Flat Slab Panels. 

(a) The numerical sum of the positive and negative bending mo
ments in either rectangular direction of an interior panel of flat slabs 
which satisfy the limitations of 2655 (b), for the design of tensile 
reinforcement, shall be assumed as not less_ than-

M0 = 0.09 WL ( 1 - :~ )
2 

= Mnc + M"m + M11c + M111n 

where (M"") 
(M(}lll) 
(Mnm) 
(M.uJ 
(L) 
(c) 

(W) 

is the positive moment at mid-span of the column strip. 
is the positive moment at mid-span of the middle strip. 
is the negative moment at one end of the middle strip. 
is the negative moment at one end of the column strip. 
is the length of the strips between center lines of columns. 
is the diameter of the column capital, or top of column if there 
is no capital. 
is the total live and dead load uniformly distributed over a single 
panel area. 

(b) The bending moments for the design of tensile reinforce
ment in the principal design sections shall be assumed to be those given 
in the following table, except that (M

11
c) may be (0.03 M 0 ) greater 

or smaller, and each of (M
1
,c) (M

1
rn,) and (M11m) may be (0.01 M0 ) 

greater or smaller provided that the sum remains not less than the 
value specified for (M

0
). 

( c) If a flat slab is supported at interior column points by sup
ports less rigid than the columns specified in section twenty-six hundred 
and sixty-nine, paragraph (b), the positive bending in column and 
middle strips shall be increased twenty percent above the tabular 
values. 

Bending Moments in Flat Slabs for Tensile Reinforcement - Interior Panels 
Fully Continuous. 

Two-way Reinforcement Four-way Reinforcement 

Without With Without With 
Dropped Dropped Dropped Dropped 

Moment Panel Panel Panel Panel 

Mpc 0.22M0 0.20M 0 0.20M0 0.19M0 

Mpm 0.l6M0 
0.15M0 0.20~(, 0.19M 0 

Mnc 0.46M., 0.S0MO 0.50M0 0.54M0 

Mnm 0.l6M0 0.lSM0 0.10M0 0.08M0 
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Section 2658. Spacing of Flat Slab Reinforcement. 

(a) Bands of rods in two-way systems of reinforcement shall be 
spread evenly over the width of the strips. 

(b) Direct bands of rods in four-way systems shall have a width 
of about ( 0.4) times the panel width, diagonal bands ( 0.4) times the 
average panel widths, and the rods shall be spread evenly in the bands. 

(c) The maximum spacing of rods shall not exceed three times 
the thickness of the slab. 

Section 2659. Thickness of Concrete Flat Slabs. 

(a) The thickness of a flat slab, and the size and thickness of the 
drop panel, where used, shall be such that the compressive stress due 
to bending at any section, and the shear stresses about the column, 
column capital and drip panel, computed as specified in Section 2641, 
shall not exceed the unit stresses allowed in concrete of the quality 
used. The bending moments for which the compressive stress shall be 
computed, shall be assumed to be four thirds those specified for the 
design of reinforcement. Account shall be taken of any recesses or 
openings which reduce the compressive area. 

(b) The width of section for computing compression in concrete 
due to negative bending at the column head shall be taken as the width 
of the dropped panel, if any; otherwise, half the panel width. The 
width of other principal sections shall be taken as half the panel width. 

( c) Slabs with drop panels whose length is at least one-third the 
parallel span length and whose projection below the slab is at least one
fourth the slab thickness, shall not be less than one-fortieth of the span 
or 5 inches in thickness. 

( d) Slabs without drop panels shall not be less than one-fortieth 
of the span or 6 inches in thickness. 

( e) For determining reinforcement, the thickness of the drop 
panel below the slab shall not be assumed to be more than one-fourth 
of the distance from the edge of the drop panel to the edge of the 
column capital. 

Section 2 660. Point of Inflection in Flat Slabs. 

(a) In a middle strip the point of inflection for slabs without 
dropped panels shall be assumed at a line ( 0.33L) distant from the 
center of the span and for slabs with dropped panels ( 0.3L) distant 
from the center of the span. 
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(b) In a column strip, the point of inflection for slabs without 
dropped panels shall be at a line 0.33 (L-c) distant from the center of 
the panel and 0.3 (L-c) for slabs with dropped panel. 

Section 2661. Arrangement of Flat Slab Reinforcement at Column 
Heads. 

Reinforcement shall be provided not only for the moments at 
principal design sections but also for moments at intermediate sections. 
Steel of the full area required for negative moments at the column head 
shall be continued in the same plane close to the upper surface of the 
slab to the edge of the dropped panel, and not less than a distance 
( 0.2 SL) from the center line of the column where straight bars are 
used, and a distance of (0.20L) from the center line of column where 
bent bars are used. Lapped splices shall not be permitted at or near 
regions of maximum stress except as described in section twenty-six 
hundred and twenty-six. 

Section 2662. Arrangement of Flat Slab Reinforcement-Two Way 
System. 

(a) With drop panels. 
1. Bent Bars Used-In column strips at least half of the 

area of steel required at the principal design section for positive 
moment in the strip shall be in bars of such length and so placed 
as to reinforce the sections for negative moment at the adjacent 
column heads. These bars, and other bars for negative reinforce
ment shall extend into the adjacent panel to a point at least 
(0.0SL) beyond the point of inflection but not less than (0.30L) 
from the center line of column. In any case at least thirty-three 
percent of the total area of steel required for negative reinforce
ment shall extend into adjacent panels not less than ( 0.33L) from 
the center line of columns. Not less than one-third of the bars 
used for positive reinforcement in the column strip shall be 
straight. All straight bars used for positive reinforcement shall 
extend into the dropped panel at least sixteen diameters of the 
bars but not less than ten inches, except that bars outside the 
dropped panel shall extend to within three inches of the center 
line of columns. Not less than one-fourth the area of the bars for 
negative reinforcement of the column strip shall lie directly over 
the column capital and not less than one-half within the width of 
the dropped panel. 
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2. Straight Bars Used-In column strips all bars used for 
positive moment shall extend at least sixteen bar diameters, but 
not less than ten inches into the dropped panel except that bars 
outside the drop panel shall be extended to within three inches of 
the center line of columns. Fifty percent of the bars, required for 
negative reinforcement in the column strip shall extend into the 
adjacent panels a distance of (0.33L), on each side of the center 
line of the column and the remainder a distance of ( 0.2 SL). 

(b) Without drop panel. 
1. Bent Bars Used-In column strips at least half of the 

area of steel required at the principal design section for positive 
moment in the strip shall be in bars of such length and so placed 
as to reinforce the sections for negative moment at the adjacent 
column heads. These bars and other bars for negative reinforce
ment shall extend into the adjacent panel to a point at least 
(0.0SL) beyond the point of inflection but not less than (0.27L) 
from the center line of columns. In any case at least thirty-three 
percent of the total area of steel for negative reinforcement shall 
extend into the adjacent panels not less than (0.33L) from the 
center line of columns. Not less than one-third of the bars used 
for positive reinforcement in the column strip shall extend to 
within ( 0.12 SL) of the center line of columns. Not less than one
fourth the area of bars for negative reinforcement of the column 
strip shall lie directly over the column capital. 

2. Straight Bars Used-In column strips at least half of the 
area of steel required at the principle design section for positive 
moment in the strip shall be in bars of such length so as to extend 
to within three inches of the center line of columns. Fifty percent 
of the bars required for negative reinforcement in the column strip 
shall extend into the adjacent panels a distance of (0.30L) on 
each side of the center line columns and the remainder a distance 
of (0.2SL). 

(c) With or without drop panels. 
1. Bent Bars Used-In the middle strip fifty percent of the 

bars for positive moment shall be bent up for negative moment 
and extend over the bands of the column strip at both sides of the 
panel to a point at least (0.30L) beyond the center line of 
columns. The location of the bends shall be such that for a dis-
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tance ( 0.1 SL) on each side of the center line of columns, the full 
reinforcement required for negative moment will be provided in 
the top face of the slab. In any case at least thirty-three percent 
of the total area of steel required for negative reinforcement shall 
extend into the adjacent panels not less than (0.33L) from the 
center lines of columns. The full reinforcement for positive mo
ment in the middle strip shall extend in the bottom of the slab to 
a point ( 0.2 SL) from the center line of the column, and at least 
one half of it shall extend to a point ( 0.1 SL) from the column 
center line. At exterior support all straight bars shall extend 6" 
into the support. 

2. Straight Bars Used-In the middle strip fifty percent of 
the bars used for positive moment shall extend to within three 
inches of the center lines of columns. The remainder shall extend 
to within a distance of ( 0.1 SL) from the center lines of columns. 
All the bars used for negative moment shall extend into adjacent 
panels a distance of (0.2SL) on each side of the center line of 
columns. 

Section 2663. Arrangement of Flat Slab Reinforcement-Four-Way 
System. 

(a) Provisions governing the placing of steel in column strips in 
two-way systems apply as well to the direct bands in four-way systems. 

(b) In diagonal bands, at least four tenths of the area of steel 
required at the section for positive moment shall be in bars of such 
length and so placed as to reinforce the negative moment section at 
the two diagonally opposite colmun heads. These bars and other bars 
for negative reinforcement, if any, shall extend into the adjoining panel 
to points at least (0.4L) beyond a line drawn through the column 
center perpendicular to the direction of the band. The straight bars 
for positive moment in the diagonal bands shall not be shorter than 
the length of panel center to center of column. 

( c) For negative moment in the middle strip, the required steel 
shall extend not less than ( 0.2 SL) on either side of the column center 
line. 

Section 26M. Flat Slab Reinforcement Other titan Two--way or Four
way. 

Arrangement of reinforcement other than two-way or four-way 
shall provide reinforcing at the principal design sections and at inter-
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mediate sections equivalent to that specified herein before. All such 
arrangements shall be subject to the approval of the commissioner. 

Section 2665. Discontinuous Flat Slab Panels. 

(a) In panels adjacent to an exterior wall and other panels where 
the slab is discontinuous on one or two of its edges, the bending on 
principal design sections parallel to a discontinuous edge shall be as
sumed at values not less than specified in this section, depending upon 
the degree of restraint in bending furnished by the support at such 
discontinuous edge. 

(b) The numerical sum of the positive bending moment at mid
span and the average of the negative bending moments at the dis
continuous edge and at the first interior supports for a full panel width, 
for the design of tensile reinforcement, shall be assumed as not less 
than 

in which (L) is the span center to center of columns, walls or other 
supports; ( c) is the diameter of the interior column capital and (a) is 
the thickness of the exterior support in the direction of the span. A 
bracket on the inner face of an exterior column shall be ignored in 
determining the value of (a). 

( c) The bending moments for the design of tensile reinforce
ment in the principal design sections of the several strips shall be 
assumed, within the range of allowable variation specified in paragraph 
(b) of section twenty-six hundred and fifty-seven, as follows:-

( d) If restraint at a discontinuous edge is furnished by a wall, 
the negative bending at the exterior support may be more nearly evenly 
distributed between column and middle strips. If the supports at in
terior column points are less rigid than the column specified in section 
twenty-six hundred and sixty-nine the positive bending in column and 
middle strips shall be increased twenty percent above the tabular 
values. 

( e) Full restraint shall be assumed where the discontinuous edge 
of a flat slab is supported by a reinforced concrete wall or row of 

columns with which it acts integrally and when the ratio ( ~ ) for 

the slab is less than the sum of the ratios ( +) for the walls or col-
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Bending Moment for Tensile Reinforcement in Wall Panels of Flat Slabs 

Moment 

Mrc 
MJllll 

Mn/ext.) 
MnmCext.) 
Mn/int.) 
Mn 111 (int.) 

MJlC 

MJllll 

Mn0 (ext.) 
Mn 111 (ext.) 
Mnc(int.) 
Mnm(int.) 

Mvc 
Mvm 
M 11/ext.) 
MnmCext.) 
Mnc(int.) 
Mnm(int.) 

Two-Way Reinforcement Four-Way Reinforcement 
Without With Without With 
Dropped Dropped Dropped Dropped 

Panel Panel Panel Pan cl 

Negligible Restraint at Discontinuous Edge 
0.32M0 0.31M0 0.30M0 

0.26M0 0.25M0 0.30M0 

O.OSM0 O.OSM0 O.OSM0 

O.OSM 0 O.OSM0 O.OSM0 

O.SSM0 0.60M0 0.60M0 

0.19M0 O.l8M0 O.lOM0 

Moderate Restraint at Discontinuous Edge 
0.29M0 0.27M0 0.26M0 

0.23M0 0.22M0 0.26M0 

0.22M0 0.23M0 0.25M0 

O.OSM0 O.OSM0 0.06M0 

O.SOM0 O.SSM0 0.55M0 

O.l8M0 O.l6M0 0.10M0 

Full Restraint at Discontinuous Edge 
0.25M0 0.22M0 0.22M0 

0.20M0 0.20M0 0.22M0 

0.38M0 0.41M0 0.46M0 

0.10M0 0.10M0 0.06M0 

0.46M0 O.SOM0 O.SOM 0 

O.l6M0 O.lSM0 O.lOM0 

0.29M0 

0.29M0 

O.OSM0 

O.OSM 0 

0.6SM0 

0.09M0 

0.25M0 

0.25M0 

0.26M0 

0.06M0 

0.60M0 

0.08M0 

0.21M 0 

0.21M0 

0.48M0 

0.06M0 

0.54M0 

0.08M0 
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umns, respectively, above and below the slab. For the purpose of this 
section (I) is the moment of inertia of the slab, wall or column calcu
lated for the gross area of the concrete and neglecting the reinforce
ment. 

.,,,. 

( f) Moderate restraint shall be cons.idered to be furnished by, a 
wall of reinforced concrete or by a row of reinforced concrete columns .,. 
or of steel columns encased in concrete when the slab acts integrally 
with the support and when the support is not sufficiently rigid to afford 
full restraint. 

(g) Negligible restraint in bending at the discontinuous edge of 
a flat slab panel shall be considered to be furnished by a supporting 
wall of masonry or a row of masonry piers or by any support that 
does not assure as great restraint as that specified as moderate. 
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(h) Except in the case of negligible restraint where precautions 
are taken to avoid restraint, the bending incidental to the restraint shall 
be transmitted to the supports, with or without the aid of brackets, 
in such manner that the stresses specified in this code for the materials 
used shall not be exceeded. The supports shall be made capable of 
resisting the bending so transmitted in addition to their other loads and 
forces without excessive stress. The bending moments transmitted 
shall be assumed to be four thirds those specified in this section for 
design of the tensile reinforcement of the slab. 

(i) The reinforcement for positive bending perpendicular to the 
discontinuous edge shall extend to this edge and hav.e an embedment 
of at least six inches in spandrel beams, walls or columns. Reinforce
ment for negative bending shall be bent or hooked at spandrel beams, 
walls or columns to provide adequate anchorage. The length and place
ment of other reinforcement in wall panels shall be adapted from the 
requirements of sections twenty-six hundred and sixty-one, twenty-six 
hundred and sixty-two and twenty-six hundred and sixty-three having 
in view the changed location of the points of inflection. 

(j) The half column strip parallel and adjacent to a marginal 
beam having a depth not greater than one and one half times the slab 
thickness, or parallel and adjacent to a discontinuous edge without 
marginal beam, shall be designed to resist at least one half the moments 
specified for a full interior column strip. The half column strip parallel 
and adjacent to a marginal beam having a depth greater than one and 
one half times the thickness of the slab, shall be designed to resist at 
least one fourth the moments specified for a full column strip. 

(k) If a flat slab is supported at a discontinuous edge by a row 
of columns having brackets extending from the side of the column in a 
direction parallel to the discontinuous edge which are equivalent to 
column capitals, the value of ( c) parallel to the discontinuous edge 
shall be the total width of the capital or brackets. If such columns are 
without brackets the value of ( c) parallel to the discontinuous edge 
shall be taken as the width of the column plus twice the difference 
between the depth of the marginal beam, if any, and the depth of 
the slab. 

(1) Dropped panels at wall columns may be omitted, provided the 
allowed unit stresses are not exceeded. 

(m) The provisions of section twenty-six hundred and fifty-nine 
shall apply to wall panels. 
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Section 2666. Marginal Beams in Flat Slabs. 
(a) In panels having a marginal beam on one edge or on each of 

two adjacent edges, whether or not the slab is there discontinuous, the 
beam shall be designed to carry at least the load superimposed directly 
upon it, exclusive of the panel load. A marginal beam which has a 
depth greater than one and one half times the slab thickness, shall be 
designed to support, in addition to the load superimposed directly upon 
it, a uniformly distributed load equal to at least one fourth the total 
live and dead load for which the adjacent panel or panels are designed. 

(b) Where there is a beam or a bearing wall at the center line of 
columns in the interior portion of a continuous flat slab, the negative 
moment at the beam or wall line in the middle strip perpendicular to 
the beam or wall shall be taken as thirty per cent greater than the 
negative moment specified in section twenty-six hundred and fifty
seven or section twenty-six hundred and sixty-five for a middle strip. 
The half column strip adjacent and parallel to and lying on either side 
of a beam or wall shall be designed to resist moments, at least one 
fourth of those specified in section twenty-six hundred and fifty-seven 
or section twenty-six hundred and sixty-five for a column strip. The 
beam or wall in such cases shall be designed to carry a uniformly dis
tributed load equal to one fourth of the panel loads on both sides in 
addition to the loads directly imposed upon it. 

Section 2667. Openings in Flat Slabs. 
(a) Openings of any size may be formed in flat slabs provided 

the total positive and total negative moments as specified in Section 
2657 or Section 2665 are effectively resisted when the total positive and 
total negative moments are redistributed between the remaining prin
cipal design sections to meet the conditions. 

(b) The locations and dimensions of openings shall comply with 
the requirements of Section 2641. 

( c) In an area common to two column strips, not more than one 
opening shall be allowed and the greatest dimension of such an opening 
shall not exceed ( 0.05L) and shall not interrupt more than one quarter 
of the bars in either strip when evenly spaced. 

( d) In an area common to one column strip and one middle strip, 
openings shall not interrupt more than one quarter of the bars in either 
strip when evenly spaced. 



342 BOSTON SOCIETY OF CIVIL ENGINEERS 

( e) An opening larger than allowed by this Section shall be com
pletely framed with beams to carry the load to the columns. 

Section 2668. Construction Joints in Flat Slabs. 
Construction joints in flat slabs shall occur preferably midway 

between columns and shall comply with Section 2622. Where such 
joints occur, steel reinforcing shall be provided perpendicular to the 
joints in addition to the reinforcement required for bending of cross
sectional area equal to one third that required for bending at the joint. 
Steel rods so provided shall be spaced not over two times the slab 
thickness, shall be fully anchored for the allowed tensile stress by 
embedment each side of the joint, and shall be placed in the same 
plane with the reinforcement provided for bending in each strip. 

Section 2669. Limiting Dimensions of Concrete Columns. 
(a) Unless designed as long columns under the provisions of Sec

tion 2 6 7 3, reinforced concrete columns shall not be longer than 10 
times the least lateral dimension. Struts shall be designed as columns. 
Columns in buildings shall have a minimum diameter of 12" or in the 
case of rectangular columns a minimum thickness of 10" and mini
mum gross area of 120 square inches. Posts or mullions shall have a 
minimum dimension of 8". Precast columns shall have a minimum 
diameter or thickness of 6". 

(b) In flat slab construction, except as otherwise provided in 
paragraph ( c) of section twenty-six hundred and fifty-seven and para
graph ( d) of section twenty-six hundred and sixty-five, the least dimen
sion of a column supporting a floor shall be not less than one fifteenth 
the average center to center spacing nor less than sixteen inches; and 
that of a column supporting only a roof not less than one twentieth the 
average spacing nor less than fourteen inches. 

Section 2670. Unsupported Length of Concrete Columns. 
(a) The unsupported length of a column shall be taken as the 

clear distance between lateral supports. In flat slab construction, it 
shall be the clear distance between the floor and the lower extremity 
of the capital, the drop panel or the slab, whichever is the least. When 
the lateral support consists of a floor or roof with beams of different 
depths, the height of the column to the bottom of the deepest beam in 
a given direction shall be used with the thickness of the column in 
that direction in computing the slenderness ration. When free-standing 
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ties or struts are provided for lateral support, they shall be adequate 
to prevent the column from bending, and the clear distance between 
supports in any direction shall be used with the thickness of the col
umn in that direction in computing the slenderness ratio. 

( b) Concrete column capitals in flat slab construction, and 
brackets the full width of the supported beams which are inclined at 
least forty-five degrees to the column, may be considered lateral 
supports. 

Section 2671. Design of a Spirally Reinforced Concrete Column. 
(a) The maximum allowable axial load, P, on columns reinforced 

with longitudinal bars and closely spaced spirals enclosing a circular 
core shall not exceed P = 0.225f'0Ag + A.f •. See Section 2602 for 
symbols. 

(b) The normal working stress in the vertical column reinforce
ment, f., shall be taken at 40% of the minimum specification value of 
the yield point; viz. 16,000 lbs. per sq. in. for intermediate grade steel 
and 20,000 per sq. in. for hard grade or rail steel. The reinforcement 
shall consist of at least six bars and the minimum diameter of the bars 
shall be five-eighths inch and not less than one per cent nor more than 
eight per cent of the gross concrete area. 

( c) Where lapped splices are required in the longitudinal rein
forcement, the minimum amount of lap for deformed bars, where the 
strength of the concrete is 3000 lbs. per square inch or above, shall be 
twenty-four diameters of bar of intermediate grade steel and thirty 
diameters of bar of hard grade steel. For bars of higher yield point, 
the amount of lap shall be increased in proportion to the normal work
ing stress. When the concrete strengths are less than 3000 lbs. per 
square inch the amount of lap shall be one-third greater than the 
values given in this paragraph. 

The lapped splices of plain bars shall be at least 2 5 % greater than 
that given above for deformed bars. 

\Vcldcd splices or other positive connections may be used instead 
of lapped splices, if approved. 

( d) Spiral reinforcement shall consist of evenly spaced continuous 
spirals held firmly in place and true to line by at least three vertical 
spacer bars. The outside diameter of spirals shall be maintained con
stant and the ends of the spiral wire shall be anchored. Spiral wire may 
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be spliced by lapping one third the circumference of the spiral and 
hooking the ends, or by welding. The spacing of the spirals shall not 
exceed one sixth the diameter of the core nor three inches. The ratio 
of spiral reinforcement, p', shall not be less than 

p' = 0.45 ( 
Ag - 1 )i:_ 
Ac f's 

where p' is the ratio of volume of spiral reinforcement to the volume 

of the concrete core ( out to out of spirals). Ar; . . f - 1s rat10 o gross area 
Ac 

to core area of column, f's is useful limit stress of spiral reinforcement 
to be taken as 40,000 lbs. per square inch for hot rolled of intermediate 
grade, 50,000 lbs. per square inch for hard grade and 60,000 lbs. for 
cold drawn wire. 

( e) Spiral and longitudinal reinforcement shall be protected by a 
covering of concrete cast monolithic with the core not less than one 
and one half inches thick. 

(f) In columns supporting a beam-and-slab floor or roof, the 
spiral reinforcement shall extend from the floor below at least to one 
and one half inches above the bottom of the lowest beam of the floor 
or roof above, which frames into the column. 

(g) In columns supporting a flat slab floor or roof the spiral 
reinforcement shall extend from the floor at least to mid-height of 
the concrete column capital above. 

(h) For a spiral column built monolithically with a concrete wall 
or pier, that area of the wall assumed as effective column area shall 
be used as Ar; in the expression 

, ( Ar; ) f'c 
p = 0.45 Ac - 1 f. 

and also for obtaining the reinforcement in paragraph (b). 

(i) Equivalent Circular Columns-As an exception to the general 
procedure of utilizing the full gross area of the column section, it 
shall be permissible to design a circular column and to build it with a 
square, rectangular or similar shaped section of the same least lateral 
dimension. In such case, the allowable load, the gross area considered, 
and the required percentages of reinforcement shall be taken as those 
·of the circular column of the same least dimension. · · · · 
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Section 2672. Design of Tied Reinforced Concrete Columns. 

(a) The maximum allowable axial load, P, on columns reinforced 
with longitudinal bars and separate lateral ties shall not exceed 

P = 0.18 f'cAg + 0.SA.fs 

See Section 2 6 71 (b) for value of f
8

• 

(b) The minimum ratio of longitudinal reinforcement shall not 
be less than one per cent nor more than four per cent of the gross con
crete area, also at least four bars shall be used, of minimum diameter 
of five-eighths inch. Clear distance of the face of each bar to the face 
of the column shall be at least one and one-half inches plus the thick
ness of the column tie. Corner rods in columns shall not be nearer to 
either adjacent surface than two inches plus the thickness of the col
umn tie. 

( c) Lateral ties shall be at least one quarter inch in diameter. 
They shall be spaced not more than twelve inches apart. In columns 
-of rectangular section, containing more than four longitudinal bars 
-cross ties shall be arranged to afford support to all bars. 

( d) Tied columns designed to withstand axial and bending 
stresses may have the limiting steel ratio of 0.04 for axial load in
creased to 0.06. The amount of steel spliced by lapping shall not 
exceed a steel ratio of 0.04 in any three foot length of column. The 
size of the column designed under this provision shall be in no case 
less than that required to withstand the axial load alone with a steel 
ratio of 0.04. · 

( e) In a tied column which for Architectural reasons has a larger 
cross section than required by consideration of loading, a reduced 
effective area, Ai: not less than :½ of the total area may be used in 
applying the provisions of paragraph (b). Paragraph (i) of Section 
2 6 71 shall also apply to tied reinforced concrete columns. 

(f) Reinforced concrete walls supporting vertical loads; or sup
porting vertical ~oads- and subject to bending, shall comply with the 
requirements of this section as well as Sections 2 6 7 3, 2 6 7 4, 2 6 7 S and 
2676. 

Section 2673. Long Columns. 

(a) The axial load on columns which are longer than ten times 
the least dimensi'On shall not'·be greater thcfri:.._ ·· · ·· -- .. ., 
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P' = P ( 1.3 - 0.03 :, ) 

(b) The maximum allowable load P' on eccentrically loaded 

h 
columns in which - exceeds 10 is given by the formula in paragraph 

d' 
(a) in which P is the allowable eccentrically applied load on the short 
column. In long columns subjected to definite bending stresses, as 
determined by Sections 2674, 2675, 2676, the ratio shall not exceed 25. 

Section 2674. Bending in Concrete Columns. 

(a) The bending moments in the columns of all reinforced con
crete structures shall be determined on the basis of loading conditions 
and restraint and shall be provided for in the design. When the stiff
ness and strength of the columns are utilized to reduce the moments 
in beams, girders and slabs, as in the case of rigid frames, or in other 
forms of continuous construction wherein column moments are un
avoidable, they shall be provided for in the design. In building frames, 
particular attention shall be given to the effect of unbalanced floor 
loads on both exterior and interior columns and of eccentric loading 
due to other causes. In computing moments on columns, the far ends 
may be considered fixed. Columns shall be designed to resist the axial 
forces from loads on all floors, roofs, etc. plus the maximum bending 
moment due to total loads on a single adjacent span and dead load 
on an adjacent span of the floor or roof construction. 

(b) Resistance to bending moments at any floor level shall be 
provided by distributing the moment between the columns immediately 
above and below the given floor in proportion to their relative stiff
ness and condition of restraint. At the roof the moments shall be 
provided for in the section of the column below. Provision shall be 
made for transfer of moments from floors and roofs to columns. 

Section 2675. Combined Axial and Bending Stresses. 

(a) In reinforced concrete columns subjected to bending stresses, 
recognized methods of analysis shall be followed in calculating the 
stresses due to combined axial load and bending. 

(b) Members subject to an axial load and bending in one prin
cipal plane but with the ratio of eccentricity of depth e/t no greater 
than 2/3 shall be so proportioned that 
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does not exceed unity. 
fa = Axial Load/ Ag. 
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fb = Bending Moment/Section Modulus of the gross transformed Section. 
Fa = Nominal allowable unit stress (0.225 f'c + f8pg) for spiral columns 

and 0.8 of this value for tied columns. 
F b = Allowable bending unit stress that woud be permitted if bending stress 

only existed. 

( c) When bending exists on both of the principal axe.s, formula in 
(b) becomes 

__!_~_ + fbx + ~ 
Fa Fi, Fb 

not to exceed unity where fi,x and fi,y are the bending moment com
ponents about the x and y principal axes divided by the section modu
lus of the gross transformed section relative to the respective axes, 
provided that the ratio e/t is no greater than 2/3 in either direction. 

(d) For columns in which the load N, has an eccentricity, e, 
greater than 2/3 of the column depth, t', the determination of the fiber 
stress fc shall be made by use of recognized theory of cracked sections, 
based upon the assumption that the concrete does not resist tension. 
(N = Axial load applied to a reinforced concrete column.) In the 
case of a cracked section, the modular ratio for the compressive rein
forcement shall be assumed as double the value given in Sec
tion 2629 ( d). 

Section 2676. Allowable Combined Axial and Bending Stresses. 

(a) For spiral and tied columns, eccentrically loaded or other
wise subject to combined axial compression and flexural stress, the 
maximum combined compressive stress in the concrete shall not exceed 
0.4Sf'c. The stress in the compressive reinforcement where calculated 
by Section 2 6 7 5 ( d) shall not be greater than the allowable stress 
in tension. 

(b) The allowable tensile stress in the longitudinal reinforcement 
shall equal that specified for flexural members, provided however 
that splices in the tensile steel at or near the section of maximum 
column moment are capable of developing fully the yield point strength 
of the reinforcement. 

( c) When columns are subjected to wind stresses in addition to 
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combined axial loads and bending, the column section need not be 
increased unless the allowable stress given in paragraph (a) of this 
section is exceeded by more than one-third. 

Section 2 6 7 7. Combination Columns. 
(a) The axial load on combination columns, in which structural 

steel columns of rolled or built-up section wrapped with No. 10 gage 
wire spaced four inches on centers or its equivalent are encased in 
concrete not less than two inches thick over all of the metal, except 
rivet heads <!,nd connections, shall not exceed 

. f' ( 1 + A., ) p = A,. I' l00A,. 

where Ac is the total area of the concrete = Ai; - A,. 
A,. is the cross-sectional area of the steel column 
f',. is the allowable stress for unencased steel column, as allowed in Part 28. 

(b) The concrete shall be at least equal in quality to two thou
sand pound concrete as specified in section twenty-six hundred and ten. 

( c) Stress allowed in paragraph (a) shall be allowed in com
pression members of trusses, if the requirements of this section are 
fulfilled. 

(d) Special brackets shall be used to receive the entire roof or 
floor load at each level. The steel column shall be designed to carry 
safely any construction or other loads to be placed upon it prior to its 
encasement in concrete. 

Section 2 6 7 8. Concrete Walls. 
(a) Walls subjected to uniformly distributed vertical loading shall 

have not less than the reinforcement given in paragraph ( e). The 
allowable stress in the concrete shall not exceed 0.2 Sf'c for ratios of 
height to thickness of ten or less and shall be reduced proportionally 
to O.lSf'c for walls having a ratio of height to thickness of 25. 

(b) Walls subjected to concentrated loads shall be designed and 
reinforced as tied columns. The allowable stress shall be as for Sec
tion 2 6 72. The length of the wall to be considered as effective for each 
concentrated load shall not exceed the center to center distance be
tween loads, nor shall it exceed the width of the bearing on the wall 
plus four times the wall thickness. The ratio of pi; shall not exceed 0.04. 

( c) Walls shall be designed for any lateral or other pressure to 
which they are subjected. Proper provision shall ·be made for eccentric 
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loads and wind stresses. In such designs the allowable stresses shall be 
as given in Sections 2 624 to 31 inclusive. 

( d) Reinforced concrete walls shall have at least the thickness 
specified in Part 14. 

( e) The area of the horizontal reinforcement of reinforced con
crete walls shall be not less than 0.002 5 and that of the vertical re
inforcement not less than 0.0015 times the area of the reinforced sec
tion of the wall if of bars, and not less than three fourths as much if 
of welded wire fabric. The wire of the welded fabric shall be of not 
less than No. 10 AS&W gage. Walls more than 10 in. thick, except 
for basement walls, shall have the reinforcement for each direction 
placed in two layers parallel with the faces of the wall. One layer 
consisting of not less than one-half and not more than two-thirds the 
total required shall be placed not less than 2 in. nor more than one
third the thickness of the wall from the exterior surface. The other 
layer, comprising the balance of the required reinforcement, shall be 
placed not less than ¾ in. and not more than one-third the thickness 
of the wall from the interior surface. Bars, if used, shall not be less 
than ¾ inch bars, nor shall they be spaced more than 18 in. on 
centers. Welded wire reinforcement for walls shall be in flat sheet form. 

( f) In addition to the minimum as prescribed in paragraph ( e) 
there shall be not less than two 5/8 inch bars around all window or 
door openings. Such bars shall extend at least 24 in. beyond the corner 
of the openings. 

(g) Reinforced concrete walls shall be anchored to the floors, or 
to the columns, pilasters, buttresses, and intersecting walls with rein
forcement at least equivalent to ¾ inch bars, 12 in. on centers, for 
each layer of wall reinforcement. 

(h) Protective covering for reinforcing shall be as required in 
Section 2 62 7 and Part 2 2. 

( i) Where reinforced concrete bearing walls consist of studs or 
ribs tied together by reinforced concrete members at each floor level, 
the studs may be considered as columns, but the restrictions as to mini
mum diameter or thickness of columns shall not apply. 

(j) Construction joints and expansion joints together with drain
age and weep holes shall be provided as required by the Commissioner. 

Section 2679. Concrete Footings. 

(a) Footings shall be proportioned to sustain the applied loads 
and induced reactions without exceeding the allowable stresses as pre-
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scribed in Sections 2629 and 2642, and as further provided in Sections 
2679, 2681 and 2682. 

(b) In cases where the footing is concentrically loaded and the 
member being supported does not transmit any moment to the footing, 
computations for moments and shears shall be based on an upward 
reaction assumed to be uniformly distributed per unit area or per pile 
and a downward applied load assumed to be uniformly distributed over 
the area of the footing covered by the column, pedestal, wall or metallic 
column base. 

(c) In cases where the footing is eccentrically loaded and/or the 
member being supported transmits a moment to the footing, proper 
allowance shall be made for any variation that may exist in the intensi
ties of reaction consistent with the magnitude of the applied load and 
the amount of its actual or virtual eccentricity. In computing reactions 
(soil pressures or pile reactions) a linear variation of intensity may 
be assumed. 

( d) In the case of footings on piles, computations for moments 
and shears may be based on the assumption that the reaction from any 
pile is concentrated at the center of the pile. 

( e) In sloped or stepped footings, the angle of slope or depth 
and location of steps shall be such that the allowable stresses are not 
exceeded at any section. 

( f) In sloped or stepped footings, the effective cross section in 
compression shall be limited by the area above the neutral plane. 

(g) Sloped or stepped footings shall be cast as a unit. 
(h) Sloped or stepped footings shall have a thickness of the foot

ing above the reinforcement of not less than 6 inches for footings on 
soil, nor less than nine inches for footings on piles, also plain concrete 
footings may have sloped or stepped tops provided the thickness is not 
less than twelve inches. 

(i) Concrete in reinforced footings shall be proportioned for a 
strength of at least two thousand pounds per square inch. 

Section 2680. Reinforced Concrete Footings. 

(a) In computing shear force or bending moment on any critical 
section, as hereafter defined, account shall be taken of all forces (loads 
and reactions) acting on either side of the section. If net reactions are 
used (reactions excluding the influence of footing weight), footing 
weight shall likewise be excluded from the computation of shear and 
moment on a section. 
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(b) The critical sections for bending in an isolated concrete foot
ing which supports a concrete column, pedestal or wall shall be con
sidered to be at the face of column, pedestal or wall, and at any 
section where there is a stepped change in section. Where a column 
or pedestal with a base of metal rests on a concrete footing the critical 
section for bending in the footing shall be considered as midway be
tween the face of the column or pedestal and the edge of the metallic 
base. For concrete footings under masonry walls the critical section for 
bending shall be taken midway between the middle and edge of the 
wall. In the case of columns neither square nor rectangular an equiva
lent concentric square of equal area shall be used for the purpose of 
locating footing sections critical with respect to bending. 

( c) For bending in a combined footing which supports columns 
and (or) walls, critical sections considered should include, in each 
direction, the sections defined in (b) above for the isolated footing 
case. In addition sections between columns, where maximum reversed 
moment occurs, shall be considered. 

( d) In combined footings the total transverse reinforcement shall 
be divided into groups proportionate in sectional area to the respec
tive column loads. Each such reinforcement group shall be placed 
uniformly within a band having a width not greater than the width of 
the corresponding column plus twice the effective depth of the footing. 
Longitudinal reinforcement should be uniformly distributed over the 
whole footing width. 

( e) The width resisting compression at any section shall be as
sumed as the entire width of the top of the footing at the section under 
consideration. 

(f) In one-way reinforced footings, the total tensile reinforce
ment at any section shall provide a moment of resistance at least equal 
to the moment computed in the manner prescribed in Section 2 680 (a) ; 
and the reinforcement thus determined shall be distributed uniformly 
across the full width of the section. 

(g) In two-way reinforced footings, the total tensile reinforce
ment at any section shall provide a moment of resistance at least equal 
to the moment computed in the manner prescribed in Section 2 680 (a) ; 
and the total reinforcement thus determined shall be distributed across 
the corresponding resisting section in the manner prescribed for the 
square footings in Section 2 680 (h) and for rectangular footings in 
Section 2 680 ( i). 
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(h) In two-way rectangular footings, the reinforcement in the 
long direction shall be distributed uniformly across the full width of 
the footing. In the case of the reinforcement in the short direction, 
that portion determined by the formula which follows shall be uniform
ly distributed across a band-width (B) centered with respect to the 
centerline of the column or pedestal and having a width equal to the 
length of the short side of the footing. The remainder of the reinforce
ment shall be uniformly distributed in the outer portions of the footing 

Reinforcement in band-width (B) 2 
Total reinforcement in short direction S + 1 

S is the ratio of the long side to the short side of the footing. 
(i) In two-way square footings, the reinforcement extending in 

each direction shall be distributed uniformly across the full width of 
the footing. 

(j) The critical sections considered for diagonal tension shall 
include a vertical section concentric with the supported column, ped
estal or wall. In footings on soil this section shall be taken at a dis
tance d from each face of the supported member, where d is the 
distance from the top of the section to the centroid of the tensile re
inforcement. In footings on piles this critical section shall be taken 
at a distance of 0.5 d from each face of the supported member, and 
any piles whose centers are at or outside this section shall be used in 
computing the shear. 

(k) The critical sections considered for diagonal tension in 
combined footings shall include plane sections taken at the face of the 
supported members for all beam elements and also for all projecting 
cantilever elements. 

(I) Shear stress in footings ( as an indication of diagonal tension) 
shall be computed as specified in Section 2 64 2. 

( m) Critical sections considered for bond in footings shall include 
the critical sections for bending as defined in (b) above. Bond shall 
also be investigated at planes where changes in concrete section or re
inforcement occur. 

Section 2681. Plain Concrete Footings. 
(a) The critical section of plain concrete footings shall be com

puted and cast as a monolithic section of the entire width and depth 
measured from a plane two inches above the bottom of the footing. 
The maximum tensile fiber stress in the concrete shall not exceed 0.03 
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of the ultimate compression strength of the concrete. The average 
shearing stress shall not exceed 0.02 of the ultimate compressive 
:strength of the concrete, computed on a concentric vertical section 
through the footing at a distance ( d' - 2) inches from each face of 
the column, pedestal or wall, excluding two inches of depth nearest 
the bottom. 

(b) The area of the top of the footing shall not be less than the 
amount given by formula Section 2682. 

Section 2682. Bearing on Concrete Footing. 

(a) The compressive stress in the longitudinal reinforcement at 
the base of a reinforced concrete column shall be transferred to a 
pedestal or to a footing by extending the bars into the pedestal or 
footing or by use of dowels. There shall be at least one dowel for each 
column bar, and the total sectional area of the dowels shall be not less 
than the sectional area of the longitudinal reinforcement in the column. 
The dowels or column bars shall extend into the column and into the 
pedestal or footing the distance required to transfer to the concrete, 
by allowable bond stress, their full working strength. Hooks shall 
not be considered as adding to bond resistance in compression. The 
unit compressive stress on the top of the pedestal or footing directly 
under the column or base shall not be greater than that determined by 
the formula:-

f'c ( A ) 16 3+A' 
nor greater than (0.375 f'c) unless the pier pedestal or footing is re
inforced laterally as provided in paragraph (b). 

(b) When lateral reinforcement in the form of a spiral or hoops 
is provided in the pedestal or footing the unit stress in bearing for 
the core area may be increased to ( 1 + 2 .5 np') times that allowed 
for plain concrete, but no area outside the outer face of the spiral or 
hoops shall be considered. 

Section 2 683. Pedestals-Plain concrete. 

(a) The compressive unit stress on the gross area of a concentri
cally loaded pedestal or the upper surface of a pedestal footing shall 
not exceed 0.25f'c. 

(b) The depth and width of a pedestal or pedestal footing shall 
be determined by consideration of shear and bending stresses as given 
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in section 2 681. However, in no case shall the depth be greater than 
three times its least width. 

( c) A pedestal or pedestal footing supported directly on piles shall 
have a mat of reinforcing, of cross-sectional area not less than 0.20 
square inch per foot of width in each direction, placed three inches 
above the top of the piles. 

Section 2684. Precast Concrete. 

(a) All provisions of Part 26 Reinforced Concrete shall apply to 
precast concrete except for the specific variations given in this Section. 

(b) The design of precast concrete units shall adequately provide 
for handling and erection stresses. 

( c) All details of jointing, connections, inserts and anchors shall 
be shown on the drawings. 

(d) Reduction in the time of curing to not less than twenty-four 
hours by use of accepted procedures may be approved by the Commis
sioner provided the compressive strength of the concrete at the time 
of use is at least equal to the specified design strength. 

( e) Precast concrete units shall be plainly marked so as to indi
cate the top of the member and position in the structure. Identification 
marks shall be duplicated on the placing plans. 

(f) Precast concrete units shall be so stored and handled that 
they will not be over stressed or damaged. 

(g) Precast concrete units shall be adequately braced and sup
ported during erection to insure proper alignment and safety and such 
bracing or support shall be maintained until there are adequate per
manent connections. 

Section 2685. Pre and Post Stressed Concrete. 

Structural members of pre and post stressed concrete may be used 
subject to the approval of the Commissioner provided-

( 1) Methods of analysis and limiting conditions are in conformity 
with generally accepted practice. 

( 2) Where the members are precast the requirements of Section 
2684 b, c, d, e, f, and g shall be met. 

( 3) Controlled concrete is used. 
( 4) Requirements of protective covering of steel for fire and 

prevention of corrosion of this code are met. 
( 5) The factor of safety is not reduced. 
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Section 2686. Ultimate Strength Design .. 
Design of reinforced concrete members may be based on the ulti

mate strength theory subject to the approval of the Commissioner pro
vided-

( 1) Methods of analysis and limiting conditions are in conformity 
with generally accepted practice. 

( 2) The maximum fiber stress in compression in the concrete does 
not exceed 0.45 f'c. 

( 3) Stress in tensile and compressive reinforcement at ultimate 
load shall not be assumed greater than the yield point or 60,000 psi, 
whichever is smaller. 

( 4) Controlled concrete is used. 
( 5) Requirements of protective covering of steel for fire and pre

vention of corrosion of this code are met. 
( 6) The factor of safety is not reduced. 
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USE OF RIVER MODELS IN COOLING 
CIRCULATING WATER STUDIES 

Bv LESLIE J. HOOPER,* 1tfe111ber, LAWREXCE C. XEALE.** Member 
(Prf':;1•1111•d hr :\fr. :,.;rn1c 11t a mC'cting 0£ thr Hydrnulif's Section, B.S.C.E., hf'ld on f\·hrunry 5, 1958.) 

INTRODUCTION 

THE rapid increase in the size of steam generators and in the 
capacity of power systems is accentuating the problems of providing 
cooling water for the condensers in many areas. 

When a relatively small river is called upon to supply the cooling 
water for a modern steam unit there may be serious effects both upon 
the unit performance and the river. The temperature rise that is 
given to the river will begin to approach that of the condenser cooling 
system as the condenser flow and the river flow approach each other. 
If the demand for the condensers exceeds the minimum flow then the 
temperature rise in the river can actually exceed the temperature 
rise in the condensers and the problem becomes serious. On the one 
hand, the increased temperature of the inlet water to the unit decreases 
the operating efficiency of the unit. On the other hand, the increased 
temperature in the river water may cause difficulty to other users 
of the stream particularly fishermen and other power plants. It is 
for problems of this nature that model tests have been used to try 
to outline the nature of the difficulty and to suggest any means of 
reducing the difficulties involved. 

MODEL CONSIDERATIONS 

The design of a model to study the density and temperature 
effects of the cooling water problem in a stream starts off much the 
same as any river model. 

The first factor which must be evaluated is that of viscosity 
effects which are typified by the Reynolds number. In the case of 
an open channel the Reynolds number, Rx, based upon the hydraulic 
radius has a critical value of approximately 500. Below this value 
the Rx indicates that laminar flow will probably persist. From a 
conservative viewpoint the model is usually designed with a mini
mum Rx of the order of 1,000 in order to keep an operating margin 

•Profe5sor of Hydraulics, Worcestc-r Polytechnic Institute. 
••Asl-listant Professor of Hydraulics. \l;'orccster Polytechnic Institute. 
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to take care of contingencies that may not be foreseen in the original 
planning. The velocity in the model and the depth of the water which 
constitute the two important factors in determining the Reynolds 
number are both determined by the vertical scale selected for the 
construction of the model. Since the studies are normally concerned 
with low flow conditions in the river it follows that velocity and depth 
that are to be modelled are usually small in the prototype. This 
leads immediately to rather small ratios of reduction and a relatively 
large size of model. There is a probability that artificial means could 
be used to induce turbulence in the model as is the case in the towing 
of ship models and so cause laminar flow to be temporarily disturbed 
and behave in a normally turbulent manner. Unfortunately when 
work is being done for a client neither the time nor the money is 
usually available to carry on pure research work and this problem has 
not yet been attacked. Obviously there is a possibility of economy 
in model construction if this technique can be used. 

With models of large size the matter of distortion is immediately 
suggested as a means of reducing the over-all size and the cost of the 
model. In this case the velocity distribution in the stream is impor
tant. Experience with distorted models both in this country and 
abroad indicates that the velocity distribution is the first factor likely 
to suffer with increasing amounts of distortion between the horizontal 
and vertical scales. For that reason it has been customary to limit 
the distortion to a 3/1-5/1 range of ratio so as to preserve the 
velocity distribution so far as is possible and still effect some economy 
of construction. This means that after the vertical scale has been 
selected the horizontal scale will be 1/3 of that selected for the ver
tical. In the case of a vertical scale of 1/30 therefore the horizontal 
scale would automatically become 1/90. 

Density effects in the model are included in a modified Froude 
number which may be written as V

2 

F= 
Dg (p2 - p1) 

Pl I 

where F = the Froude number 
V = the mean velocity in ft/sec 
D = the depth in feet 
g = the acceleration of gravity 

p2 · the density of-the heated water and 
p1 = the density of the river water before heating 



358 BOSTON SOCIETY OF CIVIL ENGINEERS 

It would appear from the above that it is quite possible to modify 
the changes in density in order to secure variations of the Froude 
number that might combine to provide cheaper model construction. 
For example, if the change in densities were accentuated the square 
of the velocities in the model could be accentuated in the model at 
the same time by the same amount to maintain the Froude Number 
constant and keep above a critical Reynolds number. Unfortunately 
there are other factors which have to be considered in the operation 
of the model in a study such as this, namely the temperature and heat 
transfer characteristics. Furthermore, the change in velocity that 
can be secured practically by this means is not great so that there is 
little reason to operate in this manner. Therefore the models con
structed at the Alden Hydraulic Laboratory have been operated on 
a 1/1 (protype to model) basis so far as density and temperature 
effects are concerned. 

The ratios affecting length, velocity and time, volume and area 
are well known, but a question does arise as to what the temperature 
ratio might be for a distorted model when full scale conditions are 
being simulated. Actually there is no temperature ratio that applies 
to this condition but rather a heat balance. Thus the heat in the 
undisturbed river plus the heat added by the condenser is equal to 
the heat in the river water traveling downstream plus the heat which 
is transferred to the air. 

In the operation of these models the incoming water has been 
taken at the normal ambient temperature. The temperature rise cor
responding to that of the condensers in the prototype is produced by 
passing the circulating water through an oil fired boiler of suitable 
capacity and returning it to the model at the discharge outlet. The 
heat that is carried away by the river at the downstream end of the 
model is properly modelled by using the appropriate relations for 
discharge and by using the same fluid with the same temperature rise. 

The one item which is difficult to control is the heat which is 
trans£ erred to the air from the model or in some cases the reverse 
of this process, such as the heating of the model by the sun, or the 
variations in wind velocity. In the course of a normal day both the 
model and the prototype can operate over a wide range of conditions. 
It has not been found easy to correct these varying radiation effects. 
Nor is it feasible in laboratory testing to operate with varying condi
tions in any case but rather with steady state conditions. Hence in 
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a model test it is logical to try for standard conditions which can be 
easily duplicated. So far the work has been done on large models 
that would be expensive to enclose so that the models were subject 
to the vagaries of the weather and suitable testing conditions had to 
be seized upon when available. During the summertime this is not 
difficult since late in the afternoon when the sun is low and on into 
the evening there is little if any breeze on a fair day and the night 
temperatures do not decrease rapidly. This tends to minimize the 
effect of heat transfer to the air and avoid the varying effects of the 
sun being occasionally obscured by clouds or else shining with full 
force on the model during the day. 

In this connection it is obvious that covered models are com
pletely desirable but a building having a span of 30 or 40 feet and a 
length of 100 to 150 feet is a large item of expense to be added to 
the cost of the construction of the model. Construction methods that 
will make for the economical enclosures of large areas of post free 
space are of prime interest to the Alden Hydraulic Laboratory. It 
has been hoped that the shelters such as are used for randoms would 
be adaptable to river model enclosures. Unfortunately the expense 
so far is still excessive for this particular product. On the other hand, 
experiments have been made with the thin clear plastic sheeting laid 
over a light wooden frame. It is realized that the sheeting probably 
would not have a life of over two years but the material seems to be 
effective for a short useful life. In the normal course of events a 
two-year life for such a model application would seem to be adequate. 
However, there should be many other alternatives and any sugges
tions that rhay be made would be most welcome. 

Instrumentation in general is normal for this type of model. 
Depth and slopes are small and must be accurately measured with 
hook gages. Where the velocities are large enough current meters 
may be used. However, the velocities are usually too low for cur
rent meter use. With temperature effects present in the model the hot 
wire anemometer is not easily applied. The most practical method 
for determining the velocity seems to consist of timing small globs 
of dye over a measured short distance. 

The new element brought in by this form of testing is that of 
temperature and temperature differences. On a large model where 
many temperatures have to be measured and recorded a station type 
multi-point recorder in conjunction with resistance thermometers or 



360 BOSTON SOCIETY OF CIVIL ENGINEERS 

thermocouples is useful. For smaller models and for exploratory 
work on any model the simple mercury and glass thermometer is 
normally used. It might be remarked that the human finger is very 
sensitive to small differences in temperature such as are found fre
quently in the density currents. It is a simple matter to feel in this 
manner the exact location of a plane separating currents of different 
density. It is rather difficult to record this result in terms of degrees. 

While the design of a model to study the density and tempera
ture effects is under special consideration at this moment there are 
usually other problems that need attention so that the problem of 
the scale is usually complicated by other factors. A frequent prob
lem that can be attacked in the same type of a model is that of silting 
in the river. In this case the scale required for silting studies usually 
results in a somewhat smaller model than is desired for the study of 
density effects. The problem in this case., therefore, is one of an ade
quate water supply to provide the large flows to duplicate flooding 
conditions. 

MODEL TEST RESULTS 

Probably the first matter that comes up in presenting test re
sults is that of translating the temperature rise and heat transfer 
effects from the model to the prototype. As indicated above this must 
be done on a heat balance basis and the most satisfactory method of 
operation has been to choose some standard operating condition which 
is satisfactory to the model and make all comparisons on this basis. 
The indications of these operating conditions may then be transferred 
to full scale. 

In the first place the areas exposed to the air in the model will 
not be the same as those in the prototype by reason of the distortion 
of scale and sometimes by physical limitations of the model. It is 
necessary to compute therefore what will happen in terms of heat 
transfer full scale. It has been found for the quiet conditions with 
minimum heat transfer that are actually selected for model operation 
that a heat transfer coefficient of approximately three BTU per degree 
per square foot per hour represents an average value. On the other 
hand, experience from the field has indicated a minimum value under 
summer conditions of the order of six to seven BTU's per degree per 
square foot per hour. This does not mean that the model is behaving 
according .to differentJa'Ys but.probably that convection. currents can. 
be set up more readily over a large body of water and probably there 
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is more wind in nature than is found in the protected model in the 
laboratory. Experience indicates clearly that the heat transfer coeffi
cients in nature may be considerably greater than the value of six. 
However, in transferring results from model to prototype a difference 
of three BTU's per square foot per degree per hour is commonly 
assumed as the measure of increased heat transfer in a prototype. 
There is every expectation that there may be even more cooling effects 
in nature but it seems best to take the worst possible conditions for 
the predictions. There are so many variables in the -problem that it 
does not seem wise to cut a prediction too close at this stage of under
standing. 

A second and probably even more important question that is al
ways asked in a study· of this sort is whether any of the cold water that 
is being provided upstream in the river manages to get by the plant 
without bearing its full load of heat. Whether or not this happens de
pends entirely on the configuration of the river and the arrangement of 
the inlet and discharge. If the inlet and discharge are close together, it 
will be easy for a recirculating effect to be set up and a great deal 
of cool river water will go by without affecting the operation of the 
plant. This effect will be strengthened if the river is relatively deep 
and i_f the river velocity is low. In one model where the river depths 
were shallow none of the upstream water by-passed the plant when 
the river flow was in excess of the condenser discharge. On the other 
hand, another situation where the river pool was deeper and other 
details were less favorably arranged almost 50% of the river flow by
passed the condenser intake when the river flow equaled the condenser 
discharge. Obviously there would seem to be a large opportunity 
for improvement in the latter case. Unfortunate improvement of such 
a condition is not as easy as it may seem. 

In some cases the study may concern an existing plant where the 
intake and the discharge and in fact the plant location has already 
been settled. To further complicate the matter if the stream is con
sidered navigable the control groups and navigation interests would 
look with alarm and disfavor on any proposal to construct diversion 
rl::ims which would sP.paratP. thP. hP.ated returning water from the old 
upstream water or that would deflect the cold water into the intake. 
Such work could constitute a menace to navigation and would un
doubtedly not be tolerated. 

There is one effect that can be employed in this case, however, 
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that will sometimes bring about some improvement in the flow condi
tions. This consists in discharging the condenser water tangent to the 
adjacent river bank. Under this condition of discharge the velocity 
effect creates a lower pressure along the bank than in the undisturbed 
pool and the differential pressure keeps the stream in contact with 
the bank. Naturally, if the station is located on the concave bank 
of the stream the whole effect is made more simple and will probably 
persist further downstream. Even if the station is located on a con
vex bank, however, a material increase in the area of the recircu
lating pool can be accomplished frequently in this manner without 
bringing about any conflict with navigation interests. 

In the studies which have been made to date it has been found 
that the most important method of heat disposal has been the heat 
carried downstream by the river itself. This in many instances will 
amount to from 7 S to 90% of the heat which has been rejected to the 
cooling water by the condensers. The heat that can be transferred 
to the air has normally been found to be only a modest amount. This 
depends entirely on the size of the pool that is affected by the recircu
lating pattern of the cooling water. In one instance where the pool 
was not large, the amount of heat transferred to the air would under 
no circumstances exceed 10% of the total heat rejected by the con
densers. Under most operating conditions the heat projected to the 
air was of the order of 4'.fa. In such a case, the temperature rise in 
the river can be computed by neglecting the heat transfer to the air 
for the worse operating conditions in the summer and computing the 
temperature rise on the basis of mixing. In another instance it might 
be possible to transfer something of the order of 25 to 30% of the 
heat to the air by reason of a large area pool. Naturally one of the 
important features of the model study in a case of this sort is to be 
sure that as much as possible of the pool area be utilized for the heat 
transfer process. The pattern of surface temperatures to make this 
heat transfer is usually plotted as a contour map of temperatures from 
data taken over the model surface. Such a plot is shown as Figure 1. 

Another possibility that should always be examined in a model 
study and the subsequent analysis of prototype performance is the 
possibility of heat storage in the pool. If the re-circulating time from 
the discharge to the intake is short, say of the order of one to two 
hours, there can be little heat storage in the pool and what happens 
in terms of heat rejected by the condensers is quickly reflected by a 
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change in temperature at the intake. Inasmuch as station peak loads 

during the summer are largely dictated by air conditioning needs at 

the present time, the period of peak load coincides with the hottest 

time of day when the sun is at its strongest, the humidity and wet 

bulb temperature are at their maximum and frequently the wind is 

not blowing. This condition will be serious from approximately 12 

o'clock until 6 o'clock in the afternoon, or a period of approximately 

six hours. If the pool is of sufficient volume and if the recirculating 

Te-~ r No. _ _ _ _ _ _ _ _ _ _ DATE ~.<\8(.J-l_ ,?.0,._l..9.58: 

R,v11H~ fLow --~~§., ____ _ 

Co ... D5N~liR F1.0W _a4.a. ... __ - - _ 
u .... T~OP&:~AnNG __________ _ 

TiMe. LAPSI! ot11~&:AD1...iGs _.JOff111.: - 4H,·J, F"1,,U ra.s"t ,?..,""' 

R,,.,eR T1:MP, UPs.'""M. __ 4_G~ _. ___ _ 

Frc. 1. 

pattern can be made to operate so that the water released from the 

discharge does not appear at the intake on the prototype for six 

hours or more, then there exists a good possibility of maintaining lower 

intake temperatures over the peak load period of the plant. To put 

this in other words, it allows the cooling effect of night temperatures 

and breezes to provide lower pool temperatures during the day. A 

plant so located, therefore, will have better heat characteristics operat

ing on the average temperature differences rather than the reduced 

temperature differences existing during the work period of the day. 

The development of the flow pattern with such a change in operating 

conditions is plotted as a map with the time universal shown on each 
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line. A typical plot is shown as Figure 2. Unfortunately the eco
nomics of the situation do not allow the construction of any such 
large pool solely for the purpose of obtaining slightly better heat 
transfer coefficients for the operation of a power plant over the 15 to 
30 bad days in the year that might occur occasionally. In other wo"rds, 
this will usually be found to be a fortuitous circumstance of which 
advantage can be taken rather than something that can be designed 
in the layout of the plant. 

J' 

Tr.HNo.: N-3 
R',.,.r.R F\.oW: ~3~ 

C:oNOf.""seR F1..ow: 846 
Ur,,11TS Ov1:RA.TIH,0•. 4 UNITS 

FIG. 2. 

As a result of the model tests of this type that have been con
ducted to date, the recommendations in the design of cooling water 
systems that becomes apparent is that the plant should be located 
on the outside bank of a stream. In the first place such a location 
will bring the natural deep water channel to the intake of the plant 
so that there will be less trouble with silting, which on river locations 
can be a serious problem. Furthermore this location is more apt to 
provide a stable channel without dredging in the vicinity of the intake. 
Finally, this arrangement makes it easy to secure the largest possible 
cool area by arrangin_g Jqr the disrharge stream tq follow t'qe bank ~s 
far as possible. · · ·· · · · · · · · 
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In conclusion it is believed that a river model can be used to 
provide design information on the temperature increase that can be 
expected for various flow conditions in the river and circulating water, 
demands of a steam power planL It also points up the best possible 
arrangement to secure the maximum cooling effect that is present in 
the river as well as to secure 'the best possible heat transfer to the air 
where this can be made effective. In some states temperature pollu
tion of streams is being actively studied by legislative committees. 
It would seem as though another headache is about to be added to
the already complicated problem of designing steam· power plants. 
Model studies will be of some help in this direction. 
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EXPERIENCE AND METHOD OF CONTROLLING ODOR 
ASSOCIATED WITH FISH BY-PRODUCTS PLANT 

AT GLOUCESTER 

Bv LEONARD C MANDELL* 

(Presented at a meeting of the Sanitary Section, B.S.C.E., held on May 24, 1958.) 

INTRODUCTION 

THE Gloucester By-Products, Inc., is a Fish Dehydrating Process 
Plant using the wet reduction-steam tube drying, centrifuge, evapo
ration method for the production of meal, oil, and solubles. The 
Plant is located on the central-east side of the State Fish Pier. The 
Pier is bordered on three sides by the inner harbor area which is at 
a lower level than the business and residential section of the City. 

The City has a permanent population of approximately 25,000. 
Il uerives ils economic stabiliLy from the fish industry year 'iuuuu, 
and from some 15,000 summer vacationists. Varying odor thresholds 
peculiar to the seasonal tide, meteorologic, and population interplay 
exist. Fish industries such as Dehydration, Fish Sticks, Filleting, 
General Docking and Unloading together with truck transportation 
occur within the outside of the city limits. 

The Plant occupies approximately 14,000 square feet of ground 
floor area and has city water, bottled gas, residual fuel oil storage, 
electrical power, truck and port facilities, rail availability via truck
two miles away, and a 1525 Boiler Horsepower (125PSig) Steam 
Power Plant. 

Whole fish such as Menhaden and Trash, together with gurry 
and wastes, serve as the basic starting materials. The Plant odor 
control equipment is designed for a raw fish rate of thirty ( 30) tons 
per hour of Menhaden with performance for other fish varying about 
the Menhaden design. The Dehydration Process for meal manufac
ture consists of cooking, pressing, screening, drying, grinding, cool
ing, further grinding and screening, and bagging. The oil and .solubles 
are products of the press liquor from the wet reduction phase. 

•Consuhing Research Engineer, Providence, R. I. 
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ODOR CONTROL 

It is important to recognize that odor problems in community 
Air Pollution is vector spread by meteorologic factors, sea gulls, 
trucks, automobiles, and man.. As a rule, however, the significant 
sources originate from processing and in the case at hand are cooking, 
pressing, screening, centrifuging, and drying. However, tank vents, 
fishing boats, raw storage, and general housekeeping can also cause 
community odor problems. 

The conventional odors and mass emission rates from these proc
esses vary continually due to the extreme variability in the make
up of the raw product. Certain general qualitative characteristics, 
however, do exist. 

1. Cooking-Pressing-Screening effluents (mainly Wet-Steam
Mixtures) contain ammonia-amine compounds, aldehydes, and very 
little sulphur gases as hydrogen sulphide, or mercaptans. 

2. Centrifuging-mainly aldehydes and sulphur gases. 
3. Drying-aldehydes, less amines and still less sulphur gases. 

Proof of adequate Plant Odor Control would be manifested by: 

( 1) Absence of visible discharge from all stacks or pipes dis-
-charging to the atmosphere, sea, or sewer. 

( 2) Apparent good housekeeping, maintenance, and production 
procedures. 

( 3) Absence of Odors around the Plant. 
( 4) A minimum of community air and water complaints that 

could honestly and rationally be traced to Plant operation-this in
dudes transport to and from the Plant. 

Most of these requisites were attained by Gloucester By-Prod
ucts, Inc., as of September, 1957. Design requirements to accom
plish this consisted of: 

( 1) Minimizing exhaust effluent rates. 
( 2) Awareness of psychological and practical importance of 

good housekeeping. 
(3) Use of sea water to absorb, scrub, and condense effluent 

mixtures. 
( 4) Removal of odorous particulates ( either suspended or dis

solved) in sea water waste. 
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( 5) Use of existing power plant combustion equipment to re
duce odor levels to innocuous values or convert odorous gases to odor
less ones. 

Aldehyde and organic nitrogen concentration in atmospheric dis
charges are good criteria for potential odor indices. The results ob
tained with this approach are compared in the following table: 

Ammonia-Amines as 
Raw Fish Aldehydes as Formaldehyde Nitrogen 

Date Rate PPM lbs/hr PPM lbs/hr 
1952 10 Tons/hr 0.48 0.046 2.9 0.15 

(1) 1954 10 Tons/hr 0.35 0.028 3.3 0.17 
(2) 1957 28-30 T/hr 0.39 0.0083 1.4 0.02 

(1) No incineration-washing only-18,000 cfm @ 25°C. 
( 2) Incineration-scrubbing-condensing 4,700 cfm @ 2 5 ° C. 

Threshold values for hydrogen sulphide vary around 0.1 ppm 
which value is higher than ones we have continuously obtained in our 
testing. Accordingly, the sulfur gases are not expected to be primary 
etiologic agents for odor complaints from this plant. 

CONCLUSIONS 

It is the expressed opinion of local Public Health Officials and 
Citizens at large that significant improvements have been made in the 
over-all sphere of odor_ control in Gloucester-this includes of course 
corrective action taken by others. It is my opinion that Fish Dehydra
tion Plants can be operated without nuisance to a Community and 
within practical expenditures. Certainly, it is reasonable for a Com
munity to expect its industrial neighbors to be good Citizens and 
remedy valid odor complaints. However, Communities themselves 
possess inherent varying odor thresholds which are beyond the con
trol of industry. Accordingly, Community-Industry rapport should 
be valued and maintained for a proper understanding of one another's 

•problems for their mutual benefit. 
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held on April 21, 1958.) 

HISTORY OF THE SUBAQUEOUS TUNNEL 

THE Sicilian historian, Diodomus Siculus, tells us of the Baby
lonian Queen, Semiramis, who, for reasons best known to herself, 
wanted to be able to cross the Euphrates come hell or high water. 
She therefore ordered her Director of Public Works to build a tunnel 
under the river. This he did by diverting the water and building a 
tunnel with walls 20 bricks thick and a vaulted roof, sealed by a 
waterproof coating of hot asphalt. Unfortunately, no trace of this 
structure has been discovered so we have only the word of the ancient 
reporter that the Queen was at least twenty-four centuries ahead of 
her time, because, in contrast to all other types of tunnels, those 
passing under water are a product of relatively recent times. 

Several unsuccessful attempts were made around the Year 1800 
to tunnel under the Thames, but it needed the invention of the shield 
by Marc I. Brunel in England, to start the subaqueous tunnel on its 
way. Incidentally, he is supposed to have conceived the idea from 
observing one of the curses of waterfront construction: the cutter 
head of the Teredo Navalis. 

The modern underwater tunnel may rightly be called a native of 
England, where several were built during the 19th Century, and im
provements made in the design and construction of shields. One of 
these was the seven-foot diameter Tower Tunnel under the Thames, 
1,350 feet long, first used for cable cars, later by pedestrians, and 
eventually for water lines. Its builder, James H. Greatheath, of South 
Africa, developed a shield incorporating all essential parts of the ones 
in use today. 

In 1879, a small tunnel was built in Antwerp, Belgium, using 
for the first time a shield combined with air pressure, and in the same 
year this method was applied by D. C. Haskin, in the initial attempt 
to build a rapid transit tunnel under the Hudson River between New 
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York and Jersey City. It was only in 1905, on the third try, that the 
Hudson Tube Tunnels were finally completed. Two years earlier, 
between 1901 and 1903, the East Boston Tunnel had been built 
entirely of mass concrete, without cast iron or steel rings, using an 
elliptical shield. 

While several early vehicular tunnels were built during the nine
teenth century, the main demand for underwater crossings came from 
railroads, to which were added, towards the turn of the century, the 
needs of the rapid transit systems, newly developed in such cities as 
New York, London and Paris. Beginning around 1920 a new wave of 
activity in subaqueous tunnels was created by the automobile, and 
this has not subsided yet, as attested by the many projects completed 
in recent years. 

SHIELD DRIVEN TUNNELS 

About one-half of the eighteen modern vehicular tunnels, and 
most of the rapid transit tunnels, have been built by the shield method. 
The largest concentration of these is undoubtedly in the New York 
area, with its extensive network of railroads, subways and highways, 
and its many waterways. The Sumner Tunnel in Boston also belongs 
to this family. 

From a shaft sunk on shore or from a deep open cut, a shield 
is advanced by pressure from a series of hydraulic jacks. This shield 
consists of a steel face, usually circular in shape, and of a diameter 
slightly larger than that of exterior dimension of the tunnel structure. 
The soil ahead of the shield is removed through ports, protected by 
bulkhead type doors, either by letting it flow in, if it is sufficiently 
loose, as the shield advances, or by digging and cutting, if more solid. 
From the face a cylindrical skirt extends back a short distance to 
form a working chamber within which to erect the tunnel lining rings. 
In order to keep water from entering this chamber, it is filled with 
compressed air with sufficient pressure to balance the maximum hy
drostatic head. An adequate thickness of overburden of sufficient den
sity is required above the shield to prevent this compressed air from 
blowing out at the top. If necessary a clay blanket several feet 
thick may have to be deposited on the river bottom. Men and ma
terials are moved through air locks built into the tunnel a short 
distance behind the shield. As the latter advances, rings made of 
cast iron or welded steel segments are erected and bolted together. 
These rings are usually about 30 inches wide1 and they form the struc-
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tural body of the tunnel. The joints are caulked with lead wool to 
make them watertight. During its progress towards the opposite 
shore, the direction of the shield and the tunnel has to be carefully 
controlled, so that they will meet the dry land construction built 
there in the interval. The interior of the tunnel is lined and finished 
to suit its function, be it for railroad or highway use. 

SUNKEN TUBE TUNNELS 

Since shield driven tunnels are expensive, particularly in labor 
costs, and advance slowly, other construction methods were searched 
for at an early stage. The idea of building tunnel sections on land 
or in basins and sinking them in place is nearly as old as the shield. 
Boston has one of the earliest trench tunnels, namely: the 9-foot 
diameter brick and concrete sewer tunnel built in the outer portion 
of the Harbor in 1893-94, sunk in 52-foot sections. 

Figure No. 1 shows the cross sections of a number of tunnels 
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built for railroads, rapid transit or vehicular traffic by the sunken tube 
method. A combination steel shell and reinforced concrete section 
with an octagonal exterior shape, which, with some modifications has 
become somewhat of a prototype for many later tunnels, was first 
used for the sunken tube portion of the Detroit-Windsor Tunnel. This 
tunnel is the only one for which both sunken · tube and shield con
struction was used, the former for the river portion, the latter for the 
land sections, built under city streets. 

One of the most recent sunken tube type tunnels is the Hampton 
Roads Crossing. 

HAMPTON ROADS TUNNEL 

(a) General Description: 
Water is the life blood of the historic Hampton Roads area, 

whence ships have sallied forth for peaceful purposes, and for war, 
ever since the birth of this nation, but it also forms major obstacles 
everywhere to the unhindered movement of land traffic. 

Preliminary studies for a fixed crossing of Hampton Roads to 
replace two ferry routes started over twenty years ago, finally cul
minating in the project completed by the Department of Toll Facili
ties of the Virginia Highway Department last November. The 3,700-
foot width of the channel and the importance of this entrance to the 
Norfolk Naval Base precluded a bridge, both from financial, as well 
as strategic considerations. 

Figure No. 2 shows a plan of the ultimate project which begins 
as a dual, limited access highway at Route 168 in the north, extend
ing through Warwick and Hampton, and crossing Hampton Roads 
with bridge and tunnel structures between the Phoebus Shore and 
Willoughby Spit in Norfolk, where improved Ocean Avenue and a 
new dual roadway lead into Tidewater Drive, a main arterial high
way into downtown Nor folk. Of the approximately 2 2 ,½ miles of 
final project length, the main crossing covers close to 3 ,½ miles. 
Of these all but 4,000 feet are over shallow water, varying from a 
few feet to 25 feet in depth. The main channel measures 3,700 feet 
between the 6-fathom lines, with at least 58 feet of water required 
over the tunnel backfill for a distance of 3,170 feet. The maximum 
natural depth of the channel reaches close to 70 feet. 

These circumstances obviously suggested a tunnel under the main 
channel, connected to the shores by trestle-type bridges and cause-
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ways. Consideration had been given in earlier studies to building 
the tunnel between Fort Monroe and Fort Wool Island, which would 
have eliminated the north trestle approach and reduced the size of 
the new south island. However, the restricted military area at Fort 
Monroe and the fact that Fort Wool had been constructed mostly 
of stone fill dumped into the silty bottom, which would have posed 
a tricky problem, eliminated this solution from further consideration. 
In order to obtain the optimum length of tunnel, both from the stand
point of general economy and ability to provide ventilation from 
buildings located near the ends, without prohibitive power demands 
or enlarged cross-section for increased air duct space, its portals had 
to be located as close to the channel lines as possible. After lengthy 
studies, which will be referred to later, the termination of the tunnel 
in two artificial islands seemed to best fulfill the various requirements. 
Figure No. 3 represents a plan and profile of the tunnel crossing. 

This tunnel has a length of 7,479 feet between portals, of which 
6,860 feet are made up of 23 sunken tube sections, each about 300 
feet long. The remaining 310 feet on each end, which also include 
the foundations for the ventilation buildings, were built by the cut
and-cover methods in open trenches. Open approaches roughly 600 
feet long on each island bring the roadway up to elevation + 12 above 
mean tide. 

Figure No. 4 shows three typical cross-sections of the completed 
structure; namely, the U-shaped section of the open approaches, the 
reinforced concrete section of the cut-and-cover portion, and the 
composition structural steel and concrete body of the sunken tubes. 

As illustrated in Figure No. 5, the basis of the sunken tube 
structure is a cylindrical shell, 33 feet in diameter, made of 5/16" 
steel plate. Longitudinal stiffeners, of S" x ¾" plates or 4" Tees, 
as required by loads, are welded to the outside of these shells between 
transverse external stiffening diaphragms spaced 14'-10", which have 
an octagonal periphery. The steel cylinder forms a watertight mem
brane and all joints, which were welded throughout, were carefully 
tested for even the minutest leaks. In order to contain the exterior 
concrete envelope of the tube, ¾" form plates are attached to the 
diaphragms and supported from the shell by struts and stiffeners. 
These steel tubes are fabricated and assembled by methods similar 
to those used in ship construction. For the Hampton Roads Tunnel, 
they were built in the Eddystone Plant of the Baldwin-Lima Hamilton 
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Corporation. Subassemblies 14'-10" long were built in the shop. In 
an assembly yard along the river, these rings were welded together 
into complete tubes. Since the narrow water and the relatively high 
bank made free launching impractical, the tubes were skidded onto a 
launching platform carried by triangular, wheeled carriages, running 
on rails supported on ground ways. The movement of this platform 
was controlled _by winches. Before the ends of the tubes were closed 

TYPICAL PRECAST TUNNEL 

!=-- ,s·-o· -.;-I -1•"•"----::j ~ 1._6. 
I m~o:,,oY 

Membrane 
Waterproofing 

..-.Protection .,., .... , ,,1 

TYPICAL TUNNEL APPROACH SECTION 

/Membrane -r / 

.., 
-::: 

Waterproofing 

Protection 

TYPICAL-C\JT._ANO COVE_R T_UNNEL_, ,. _ · _ 

·Fie.· 4.-TYPICAL TUNNEL CRos·s SECTIONS: 



HAMPTON ROADS TUNNEL 377 

by steel bulkheads, prior to launching, the reinforcing steel for the 
inside concrete lining was placed, and the keel part of the outside 
concrete envelope was poured. Once the initial production difficulties 
were overcome, the 23 tubes were produced at the rate of one every 
three weeks. 

In order to conform to the changes in the roadway grade, two of 
the tubes were provided with mitred joints. 
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The completed tubes were towed through the Delaware-Chesa
peake Canal and through Chesapeake Bay- to an outfitting pier at 
Lamberts Point, some five miles from the tunnel location. 

While floating at this pier, the 18-inch interior reinforced con
crete lining on the roadway slab was poured, access being available 
through a number of hatches in the top. After completion of the 
interior concrete, the hatches were closed by welded steel plates and 
the top cap of the exterior concrete was poured. With this the tubes 
had a freeboard of two feet and were ready for towing to the site. 

(b) Design Analysis of Tubes 

From the moment of launching to the time they rest in their 
final position and are covered by backfill, the tubes go through a 
number of stages of different loading and stress conditions. 

Design of Steel Tubes: Stresses during the control side-launch
ing are nominal. After the tube is launched and floating, its weight 
is evenly distributed, except for the heavily braced end bulkheads, 
which cause a bogging moment, producing a longitudinal bending 
stress of about 9,000 psi in the steel shell and stiffener ribs. In order 
to keep the longitudinal moments on the tube as a whole to a mini
mum, the placing of the interior concrete, which is done in several 
lifts, is started near the quarter points and proceeds symmetrically in 
both directions. On the other hand, the. exterior water pressure pro
duces both transverse and longitudinal bending stresses in the shell 
plate and bending moments in the diaphragm frames as the draft of 
the tube increases, due to the continuously added weight of the con
crete lining. For the critical design conditions of the steel tube, 
immersion to the horizontal center line has been assumed, with shell 
plate and diaphragms fixed at the upper edge of the keel concrete, 
or about 45 degrees below the horizontal. The opposing action of 
the freshly placed lower lifts of the concrete lining has been neglected. 
These assumptions are somewhat conservative since the rate of con
creting generally does not produce quite such large increments of 
submersion. The stresses in the various parts have been analyzed as 
follows: 

Transverse Bending in Shell Plate: The shell is figured as a con
tinuous plate supported by the longitudinal stiffeners and subject to 
exterior pressure equal to the hydrostatic head. The maximum corre
sponding bending stress in a flat plate would be 30,000 psi, which, 
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however, is reduced due to the additional stiffness produced by the 
curvature. 

Longitudinal Bending: The shell plate and stiffeners acting 
jointly, transfer the pressure to the diaphragm frames, whereby they 
are undergoing longitudinal bending stresses amounting to 16,000 psi. 

Diaplir.agm Stresses: The diaphragm frames were analyzed un
der the assumption that they were fixed at the top of the keel concrete 
and cut at the top, where tangential force He, shear Ye and moment 
Mc were applied to hold the equilibrium. The moment at any point 
D located at an angle U from the top is: 

Mu = mu - HcR ( 1-crs U) + Mc where mis the moment of the 
external forces. 

R is the radius of the shell. 
From the continuity of the arch, equations are derived which 

permit the calculation of the numerical values of He and Mc, the shear 
Ye being zero due to the symmetry of the structure and loading. 
The maximum stresses in the frame occur at the top of the keel con
crete, they are 12,700 psi in tension and 9,100 psi in compression. 

Design of Composite Tube 
In the completed tube the reinforced concrete lining and the steel 

parts act as a composite structure, subject to two distinct loading 
conditions; namely water pressure when fully submerged during the 
sinking operation, to which is added the load of the backfill after the 
tube is in place in the trench. 

If a uniform cylinder of circular cross section has a weight just 
sufficient to cause full submergence, it will be subject to direct stresses 
only but not to bending. While the tunnel section does not quite con
form to this condition, it was considered as a sufficiently accurate 
approximation to justify the assumption that during the sinking no 
bending stresses did occur in the tube cross section. 

The loads imposed on the tube by the backfill may be subdivided 
as follows: 

Vertical load above top of tube, uniformly distributed over 
horizontal diameter. 

Horizontal pressure due to uniform vertical load, uniformly 
distributed over vertical diameter. 

Triangular horizontal pressure due to earth between top and 
bottom of tube. 
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Vertical load from earth in exterior quadrants between top 
of tube and horizontal axis. 

Vertical reaction of the tube on the foundation, uniformly 
distributed over the horizontal axis. 

Bending moments and direct stresses for these various loads were 
computed by means of formulas developed by James M. Paris (2). 

For calculating the stresses in the tubes from the above loads the 
active structure was assumed to consist of the interior reinforced con
crete shell, 18 inches thick, the steel tube and stiffening frames, and 
the keel portion and the top cap of the exterior concrete which were 
poured in the dry. The rest of the outside concrete, being poured by 
tremie, was considered to be ballast only. Based on analysis of soil 
samples, the following weights of materials were assumed for the de
sign of the sunken tube sections: 

Weight of moist earth, in air, 120 lbs./ft.3 

Weight of submerged earth, in air, 70 lbs./ft. 
Hydrostatic coefficient, 0.2 7. 
Maximum unit stresses under critical design loads are: 
20,000 lbs./in.2 tension in structural steel. 
18,000 lbs./in.2 tension in reinforcing steel. 

1,380 lbs./in.2 compression in concrete. 

A minimum 28-day compressive strength of 3,000 psi was speci
fied for the structural concrete of the tubes. 

( c) Sinking of Tubes 

After completio~ of the concreting of the tubes at the fitting-out 
pier they are towed into position over the previously dredged trench 
and enough ballast concrete is added to the o~tside pockets to over
come buoyancy. The section is supported by floating derricks or 
special sinking barges which control its lowering into the trench. 

Sighting masts temporarily attached to each end of the tube serve 
to control the alignment. 

In order to set the tubes to proper grade, a sand foundation 
course at least two feet thick has been placed in the bottom of the 
previously dredged trench, and levelled to exact alignment by a heavy 
steel scr~ed, suspended from a carriage. supported on Qarges by rails 
set parallel to the grade. . . . 
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To form the joints between tubes, steel collars of the same diame
ter as the circular shell have been welded to the end bulkheads, from 
which they project a distance of four feet. At one end of the tube a 
3 6" hood plate is attached to the lower half of the collar; on the 
opposite end a similar hood is attached to the upper half of the col
lar. These hoods protrude for half of their width from the collars, 
the lower one being attached to a tube already in place, forming a 
cradle for the collar of the next tube. To allow for easy fitting, their 
inside radius is an inch larger. than that of the collars. After a tube 
has been sunk, it is drawn into contact with the previous one by means 
of ratchets operated by divers in order to minimize an accumulatipn 
of error in aggregate length. Five-inch diameter tapered pins are 
then inserted into matching steel castings riveted to the collars to hold 
the tubes together. The vertical edges of the square end bulkheads 
are quipped with sections of sheet pile interlocks welded to them. In
to these are inserted curved steel plates carrying matching interlocks. 
The space around the tube joints thus enclosed by these plates and the 
foundation course is then filled with tremie concrete. This seals the 
joints sufficiently so that it can later be drained from the interior and 
the bulkheads can be cut out. A closure plate is then welded to inside 
stiffeners attached to the collars on each side of the joint, thereby com
pleting the continuous, watertight steel skin of the tunnel. The tubes 
are bedded in special sand fill up to their centerline, and covered with 
ordinary backfill to a minimum depth of five feet over their top. 
The tunnel is then ready for the finishing operations of filling in the 
gaps in the concrete lining and roadway slab at the joints, erection of 
the ceiling and installation of tiling, electrical and mechanical equip
ment, and last the placing of a four-inch wearing surface of bitumastic 
concrete. 

Sinking of the tubes was started at the north island, proceeding 
through Section No. 7, then sections No. 23 and 22 were placed at the 
south island. Sinking was then resumed from the north. This se
quence permitted work on the islands to progress while the remainder 
of the tubes were sunk. On the average, a tube was sunk every three 
to four weeks. Special provisions were made at the joint between 
Sections 21 and 2 2 to allow for an accumulated error in length, but 
fabrication, sinking and survey had .been so accurate that this ad
justment amounted only to a few inches. 
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( d) Soil Conditions 

Borings made at 500-foot intervals along the center line of the 
project encountered two different materials, as indicated on the soils 
profile ( Figure No. 6). The area of the north island and the ad
jacent side of the channel are free of silt, and firm sand bottom pre
vailed throughout. Under the channel, which is up to 70 feet deep 
and self-cleaning, was found a layer of silt about 30' thick, partly 
covered by 10 to 30 feet of sand. Under the region of the southern 
island, and for a strip about 1,500 feet wide along the south side of 
the channel, the layer of silt reaches to a depth of 80 to 90 feet below 
the bottom of the water, which here is 17' to 20' deep. 

Since the final weight of the tunnel is only two tons per lin. 
foot, the combined weight of tunnel and backfill produces a balance 
of forces exerted upon the sub-stratum along the edges of the tunnel 
and under the middle which is zero or directed upwards, as long as 
the top of the backfill does not project above the natural bay bottom. 
No settlement will therefore take place in the up to 20 feet of silt 
still remaining in part of the trench after it had been dredged. In 
order to reduce to a minimum the length over which the backfill had 
to be raised above the bottom, the low point of the tunnel profile was 
shifted north from the midpoint. In these areas the fill was extended 
to 100 feet on either side of the center line and protected against 
scour with rock-filled gravel berms and blankets. 

A special problem arose on the south island where Tube 22 was 
founded partly on the original silt and partly on the sand fill of the 
island. In order to prevent settlement, the backfill over this tube 
consists of expanded shale weighing not more than 2 5 lbs. per cu. ft. 
when submerged in sea water. 

( e) Island Construction 
The north island, resting on firm sand, presented no problem 

except that of ultimate compaction of the fill to a density sufficient 
to support the superimposed loads without settlement. Fill material 
meeting the requirements that 90 to 100 per cent pass a ¾" sieve 
and not less than 85 per cent be retained on the 200 mesh sieve, con
taining not more than 3 per cent clay, was dredged from the new 
Hampton Creek Channel, relocation of which was necessitated by the 
project. 

The deep silt on the south side, on the other hand, did pose a 
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problem of considerable magnitude. Off-set borings indicated that 
the condition prevailed over such a distance that it could not be 
avoided by a shift in the center line. Several solutions were studied; 
namely: 

Supporting the cut-and-cover tunnel, ventilation building, and 
open approaches on piles, without any island fill, in which case it 
would have been necessary to protect the structures against damage 
from any vessel straying from the channel, during storms or high 
water, by a ring of cellular cofferdams. 

Supporting the structures mentioned are piles driven through a 
sand island, whose main function would be their protection against 
ships. Continued settlement of the fill would absorb as much as 7 5 
per cent of the capacity of the piles due to load transferred by fric
tion, and would present a continuous maintenance problem. 

Consolidation of the silt by sand drains was ruled out by the loss 
in time. 

Dredging out of the silt and replacing it with a sand fill was 
finally selected as the most efficient solution. Laboratory tests on 
undisturbed samples indicated that excavation slopes of 2: 1 at depth 
below elevation -50' and 2 .5 ---:- 1 in the upper layers could be 
achieved without difficulties. Sand of satisfactory quality, with prac
tically 100% retention on a 200 mesh sieve was available within easy 
pumping range of a hydraulic dredge. 

(f) Consolidation of Sand Fill 

During the filling operations, the bottom of the discharge pipe 
was maintained at all times within 5 feet of the surface on which the 
sand was deposited, in order to obtain as dense a fill as possible. How
ever, this was not sufficient to produce a minimum of 63 per cent 
relative density considered necessary for a depth of 20 feet below any 
structure to adequately support it without piles. A series of borings 
were made after completion of the fills from which undisturbed sam
ples were taken to verify these conditions. The specifications pro
vided that under these circumstances the fill had to be consolidated 
by Vibroflotation. On the north island, compaction was not neces
sary where structures were founded directly on the natural dense 
sand. For the fill, a consolidation pattern of equilateral triangles 
with 8-ft. sides was adopted. The fines contained in the material 
reduced its permeability to an extent that compaction time had to 
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be increased beyond that normally required in order to squeeze out 
the water. 

Compaction took place before excavating for the final structures. 
Under the ventilation building on the South Island, only the layer 
between 42 feet and 62 feet below the surface was consolidated, since 
the material above it had to be excavated anyway. Difficulties were 
experienced in getting the Vibraflot to penetrate the upper layer of 
coarse sand, which was therefore removed by bulldozer. For the 
deep compaction, an extra ballast of two tons was added to the ma
chine and the pattern was opened from 8 ft. to 12 ft. to enable the 
Vibraflot to penetrate to the required depth. Results achieved by 
this compaction were most satisfactory; as borings and undisturbed 
.samples taken from subgrade after excavation indicated. 

(g) Storm Protection 

The north island is sheltered against severe storms by the pro
jection of Old Point Comfort and by Fort Wool. 

A three-foot thickness of well graded rip-rap, with maximum 
size rocks of about 2,000 lbs. placed on a 1,½-foot gravel bedding 
course, sloped 1 + 4 from MSL to -5.0 and 1 :2,½ above MSL to 
elevation + 7 .0 has given adequate protection. 

The east and south sides of the south island, however, are ex
posed to heavy northeast storms with a reach of over twenty miles, 
making them subject to severe wave action. This danger becomes 
particularly acute during hurricanes combined with extremely high 
tides. 

A very heavy rip-rap built up of granite quarry stones of up to 
10 tons in weight was therefore decided upon to protect these sides 
(Figure No. 7). This rip-rap has an average thickness of 4 ft. resting 
on an 18-inch bedding course of quarry tailings on a uniform slope of 
1: 4. Its toe rests against a rock dike which extends from a base at 
elevation -12.0 to elevation -4.0. The heavy rock protection is 
chincked with quarry tailings similar to those used in the bedding. 
A seawall made of three tiers of concrete monoliths built up to an 
elevation of +20.0. feet, further protects this side of the island against 
overtopping by wave action. In order to prevent damaging tidal cur
rents to build up between the south island and nearby Fort Wool, 
the gap _was closed with a rock protected dike. The west and north 
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side of the island are much less exposed and rip-rap similar to that 
of the north island was considered adequate. 

During the years 19 54 and 19 5 5, the Nor folk area was visited 
by several severe hurricanes. The frequency and fury of these storms 
led to intensified studies of these phenomena by the U. S. Weather 

A ERIAL V IEW OF S OUTH ISLAND. 

Bureau and other agencies and as a consequence, a great deal of new 
information became available. 

The top of the islands is at elevation + 11 , the roadway grade at 
the end of the open approaches at + 12 , with an additional three feet 
protection afforded by the solid parapet around the tunnel approaches. 
These were ample safeguards against flooding of the tunnel under the 
highest storm tide on record. It seemed prudent, however, to take 
advantage of this new hurricane data to make a new appraisal of the 
most critical conditions which might be produced by a combination 
of the worst possible factors , such as extreme spring tides , combined 
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with a near stationary hurricane centered over the area. This study 
established the fact that tide levels as high as + 13 with 16-foot waves 
could happen, which would threaten to flood the tunnel subjecting it 
to excessive settlement and severe damage. This led to the decision 
to install tide-gates inside each tunnel portal, which will keep flood 
waters out of the tunnel. Flooding of the open approaches would not 
be too serious, and they could be pumped out in a short time. Closing 
of the tunnel in such an emergency would be immaterial, as all ap
proach highways and city streets would be under several feet of water , 
stopping all traffic movements in the area. Since electric power would 
undoubtedly be lost for the duration of such a storm, auxiliary diesel 
engine-generators in the ventilation buildings would supply power to 
operate the drainage pumps and the lights necessary for maintenance 
personnel. 

( h) Tunnel V entila.tion 
Under maximum conditions the tunnel requires a supply of about 

1,700,000 cubic feet of fresh air per minute. This is supplied through 
the duct space below the roadway slab and flue outlets spaced about 
15 feet apart along both sides, discharging the fresh air above the 
curbs. An equal amount of vitiated air is exhausted through ceiling 
ports into the upper duct. 

Each ventilation building contains four supply and four exhaust 
fans of 213,000 cfm maximum capacity each. The use of axial flow 
fans instead of the traditional centrifugal fans , which have been cus
tomary in tunnel ventilation, permitted a considerable reduction in 
the size of the buildings. Adj ustable pitch blades and two-speed 
motors, built into the propeller hubs, permit adjustment of air quan
ities to suit the traffic demands. Both speed and pitch are remotely 
controlled from the main control board located in the south ventila
tion building. 

(i) Drainage and Fire Protection 
Fresh water is supplied to the tunnel from both ends through 

mains connected to the city systems on the shores. In case of fire , 
booster pumps in the ventilati on buildings will raise the pressure to 
125 psi. 

Interceptors catch drainage from the open approaches and carry 
it to sumps inside the portals from where it is removed by auto-
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matically controlled pumps. A sump at the low point collects water 
from tunnel washing or fire-fighting inside the tunnel, which is then 
pumped into the nearest portal sump. 

In order to reduce the propagation of fire in the total through 
burning fuel in case of a collision, a closed drainage system with 
catch basins is used instead of the open gutter installed in most 
other tunnels. 

Electrical System: Electric power is furnished to the tunnel from 
each end by high tension feeders, originating in completely inde
pendent parts of the public utility system, thus insuring permanence 
of supply. Each of these feeders is capable of carrying the entire 
maximum power load. 

Continuous fluorescent lighting provides good visibility in the 
tunnel, with adjustable high intensity of 35 foot candles at the por
tals, tapering off to 7 foot candles in the interior. 

(j) Tunnel Ceiling 

Instead of a concrete slab, faced with ceramic tile, the tunnel 
ceiling consists of • porcelain enamel finished aluminum panels at
tached to steel stringers, which are suspended from the concrete lining 
by monel hangers. The panels are filled with two inches of concrete 
for added weight and to prevent vibration. The reduced thickness 
of the ceiling gives some additional air duct space and the panels are 
easily replaceable in case of damage. This construction also elimi
nates the hazard of fragments of tile and concrete being propelled 
from the ceiling during a severe fire. 

At the request of the designing engineers, the Aluminum Com
pany of America collaborated in testing the aluminum panels in their 
laboratories to check their behavior under high temperatures to which 
they may be exposed in fires such as have occurred in tunnels. The 
results were satisfactory and confirmed the decision to select this 
material. 

CONCLUSION 

In conclusion, the question may be asked: where can the sunken 
tube tunnel be used? The main requirements are the following: 

(a) A reasonably stable bottom in which a trench can be kept 
open without undue difficulty for a sufficient time to prepare the 
foundation course and sink .the tupes. _ 

(b) Conditions of the shores so that the ·sunken tube trench 
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can be extended sufficiently far to permit the maintenance of a dike 
to protect the open trench for the cut-and-cover sections. If adja
cent properties do not allow the trench for the tubes to be excavated 

· with open slopes, a braced trench may be practicable for a short dis
tance, into which a tube can be entered submarine fashion under the 
bracing, as was done in the Elizabeth River Tunnel in Norfolk. 

Wherever these conditions prevail, a sunken tube tunnel can be 
constructed at a great saving in cost compared with that of a shield 
driven tunnel. 
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COMMON IMPROVEMENT POSSIBILITIES IN 
SUBDIVISION PRACTICE 

BY JACK NAZAR* 
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SUBDIVISION design as commonly practised could provide greater 
attention to the interests of the home owner, and the salvage of desir
able physical features on the land. This indictment might be argued 
by every well intentioned office; nevertheless it remains a net product 
of persistent efforts to keep computation work at a minimum and the 
mathematics of lot and street layout as simple as possible. 

And despite all that is written and said about the adaption of 
subdivision schemes to existing topography, and other improvement 
opportunities, offices doing a dominant amount of subdivision work 
apparently underestimate the importance of actually applying the 
better design techniques. Perhaps more effective results could be 
gained by submitting a larger share of the regular office procedure to 
training of personnel in design aspects, and placing a greater emphasis 
upon the home owners point of view. 

The preparation of a proposed grading plan as a part of the 
construction drawings is one way in which improvements and con
struction economies can be promoted, and could also bring correspond
ing benefits to the home owner and broker. 

The use of proposed grading plans in subdivision work is not yet 
a common practise in New England. However, when they come to 
be more commonly employed, as they are in the more densely popu
lated areas of the country (N. J., Pa., Delaware, D. C., etc.) it should 
bring with it a greater awareness of what happens to ground, vege
tation, and drainage, when land is worked. They will show clearly the 
values of adapting street and lottings patterns carefully to the ex
isting topography. In the denser suburban areas there seems gen
erally to be a stronger realization of benefits derived from prudent 
earth-moving operations. Perhaps it is because there is a simul
taneous increase in the amount of proposed contour work that is 
made a part of the final subdivision designs. 

Without more consideration to the interests of the people who 
*American Socict)' of Landscape Architects. 
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are expected to live in a subdivision, plats will continue to reflect 
too much upon the characteristics of early land partition practises 
where tracts were cut up in apparent arbitrary strips along rivers, 
coach roads, and common forest or grazing areas. The plots were 
laid out without the benefit of topographical surveys and on the basis 
of paper schemes showing ribbon shapes, rigid lines, and maybe more 
or less equal areas. The big difference today being, that instead of 
abutting-waterways and forage areas, the lots abut streets, and are 
supposed to incorporate the latest criteria as enunciated in the local 
subdivision regulations. 

In addition to existing physical factors affecting design, there is 
warranted a more serious regard to community maintenance costs as 
part of the design package. Greater attention and participation 
should be given to alternate proposals for workable and economic 
storm drainage installations, sewage transportation and disposal, street 
pavement ( e.g. Bit. Penetration vs. Bituminous Concrete, etc.), curbs, 
gutters, slopes, surfaces on and off the R.O.W.'s; also to other factors 
eventually bearing on the interests of the home owner. And unless 
technicians and developers together grasp the significance of com
munity maintenance costs, municipalities will be simply given more 
reason to legislate subdivision development out of existence through 
imposition of excessive zoning and subdivision regulations. 

Illustrated here are subdivision improvement possibilities com
mon to subdivision design as practised in New England. Also sug
gested are some basic objectives. 

DESIGN OBJECTIVES: 

* Higher Valuation 
* Desirable Neighborhood Character 
* Sound relation with community planning, facilities, and neighborhood 

interests 

PROTECTIVE COVENANTS 

When the character of a neighborhood is worth improvement and protection, 
and local ordinances are inadequate or ineffective, covenants should be employed ,to 
supplement the local regulations. Such covenants should be recorded with the sub
division plot after their development in the proper legal form by counsel. These 
items merit greater control or guidance: 

a. Fences, walls, and hedges 
b. Sight distances at intersections 
c. Screening of objectionable views 
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d. Side yard setbacks 
e. Lot maintenance 
f. Severe slopes and erosion 
g. Driveway finish 
h. Enforcement 

STRENGTHEN AND IMPROVE LOCAL SUBDIVISION STANDARDS 

a. Put design criteria down in writing 
b. Improve street and drainage construction practices through better sub

division regulations 
c. Support and promote the land planning objectives of local planning boards, 

the Federal Housing Administration, and the Veterans Administration. 
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IN 1955, the Author, who was then a graduate student, was asked 
to undertake the design of some hydraulic equipment for the engineer
ing laboratories at Harvard. At the time a program was in progress 
under Professor D. W. Batteau for revitalizing the Mechanical En
gineering Laboratories using part of the funds from the great bequest 
of the late Gordon Mackay. Some years before, the Graduate School 
of Engineering at Harvard was combined with the Graduate School 
of Arts and Sciences and the Division of Applied Science was formed 
to teach engineering at both the undergraduate and graduate level. 
The name of the division was later changed to The Division of En
gineering and Applied Physics; a name which it was felt better de
scribed its curriculum. In the reorganization, civil engineering was 
dropped as a separate department. Soil Mechanics and Sanitary 
Engineering had been separate departments and were continued as 
such. Structural engineering was combined with Mechanical En
gineering, and Hydraulic Engineering was split among all depart
ments: Mechanical Engineering teaching fluid mechanics, Sanitary 
Engineering teaching what might be termed civil engineering hy
draulics and Soil Mechanics teaching seepage and ground water fl.ow. 
Laboratory facilities for instruction in hydraulics were almost com
pletely lacking. There were some pieces of apparatus scattered about 
the various engineering buildings, but most of these had been neg
lected and had fallen into disuse. It was felt, however, that in order 
to offer a well-rounded laboratory program, some hydraulic equipment 
must be available. When the Author began work, there was an idea 
of a universal piece of hydraulic apparatus incorporating a tiltable 
glass walled flume, which could be used as a water table for shooting 
flow experiments or super-sonic analogy demonstrations as well as for 
experiments involving deeper water, such as fl.ow over spillways and 

*Research Engr., Div. of En~rl-{. & Applied Physics. Harvard Uni,•crsity. 
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through hydraulic jumps, or for model towing. It was desired to lo
cate this apparatus in the rather limited space available in Pierce Hall. 

The impracticality of such an apparatus was soon disclosed when 
the hydraulic requirements for the different uses were analyzed. Thus, 
at an early stage, it was decided to build two basic pieces of appara
tus. The first would be a long narrow and deep glass walled flume 
which would be fixed in position and level. The second would be a 
wider and shallow water table with a glass bottom which could be 
tilted to any slope from horizontal to 1 in 5. At this stage, it was 
necessary to find a location for the flumes and water table before the 
dimensions were fixed and the designs made. 

Pierce Hall was built during 1900 and 1901 for the Harvard 
Engineering School. In the north and south wings there were two 
large machinery laboratories which occupied the entire areas of these 
wings and extended vertically from about ten feet below outside grade 
to the first floor level some ten feet above outside grade, making the 
floor-to-ceiling height about twenty feet. Originally, the north wing 
laboratory had housed hydraulic apparatus, and for water storage 
there was an open pit below floor level about nine feet wide by forty 
feet long by four feet deep, which undoubtedly had a plank cover. 
Shortly after World War I the hydraulic equipment was moved to 
what is now the Engineering Laboratory, a large hangar-like structure 
built as a drill shed for military training during 'the War. The space 
in Pierce Hall was put to other uses and at some time a wooden floor 
was installed over somewhat more than half the area about seven feet 
above the original floor. In 19 5 5 and for some time before, this space 
was occupied by the departments of Soil Mechanics and Sanitary 
Engineering. The space under the wooden floor, where the head 
room was less than six feet, was used for storage and contained a 
large assortment of things, many of which were of doubtful value. 
This space also contained the old water storage pit previously men
tioned. For this reason, the possibility of locating the new hydraulics 
laboratory in this part of the building was given serious consideration: 
The difficulty was that the two departments who were using the space 
were crowded as it was, so how could another facility be placed here? 
The solution to this problem was to rip out the old wooden floor and 
put in a new concrete and steel floor dividing the available height into 
two equal parts thus effectively doubling the useful floor area. Con
ferences between the departments concerned resulted in an allocation 
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of space to everyone's satisfaction. Soil Mechanics got offices and 
laboratories completely within the new space, thereby consolidating 
their operations. Sanitary Engineering obtained some of the space 
elsewhere in the building which Soil Mechanics vacated, as well as 
some 1,200 square feet of laboratory space divided between the two 
floors in the rebuilt section. The Hydraulics Laboratory was as-
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signed about 1,000 square feet of space on each floor, including the 
water storage pit. 

Now that the available space was known, the design of the equip
ment could be completed, in fact it was necessary to determine the 
size, location, and supports for the major units immediately in order 
that desirable structural 'features could be incorporated in the recon
struction work. Figures 1 and 2 show the floor plans of 
the Hydraulics Laboratory and Figure 3 shows a vertical sec
tion. It was decided to make the· glass walled flume thirty 
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feet long by eighteen inches wide inside by three feet. deep, and 
the water table three feet wide by fifteen feet long with walls six 
inches high. Both units were to be located on the upper level but 
supported, independent of the floor, from below. Considerations of 
head room made it necessary to locate the bottom of the flume near 
floor level, making viewing through the side difficult. To alleviate 

FIG. 2 .-FLOOR PLAN-LOWER LEVEL. 

this situation, the section of floor between the flume and wall was 
dropped three feet· to make a convenient viewing platform. It will 
be noted that extensive areas of the floor were made of grating to 
provide easy access between the two levels. . Aluminum grating was 
planned for under the water table in order to facilitate its removal 
to provide an unobstructed view for photography through the glass 
bottom. Space was provided for a four by four foot vertical tank 
coming from the floor below as an entrance chamber for the flume. 
Originally, a monorail was planned for handling materials, but a 
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small crane was found to be more economical and to provide better 
coverage. An air hoist was selected over an electric hoist because it 
provides better speed control so necessary when handling glass or 
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SECTION A-A 
FIG. 3.-SECTION OF HYDRAULICS LABORATORY. 

when placing model test sections in a glass walled flume. The final• 
planning, which had to be done before construction began, concerned 
the storage sump. It was decided to cover it with a reinforced con
crete slab and provide access through numerous manholes. It was 
also thought desirable to diyide it up into a number of compartments 
in order that each piece of equipment would have its own supply and 
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could be run without any cross interference which' might be produced 
by a com'mon · supply: _ The final arrangement is shown in Figure 2. 
The drainag"e sump was necessary because the lower. floor is below the 
building sewer. The water table storage pit has a larger and deeper 
pumping sump because it- was planned to use a vertical turbine pump 
here. The walls between the three storage pits were planned with 
short pipes closed by blind flanges so that ·if desired, the pits could 
be interconnected. Spillways were provided which discharge into a 
trench covered with grating which flows to the drainage sump. i 

The reconstruction work was done during the summer of 1956'. 
During this time, the· Author worked on the design and construction 
of another piece of equipment for the laboratory which has been 
named The Pumps arid Pipes Experiment. It is shown in Figure 4. 
This piece of equipment can be used for·many hydraulic experiments._ 
The _top consists.of _a water bath to ·maintain constant- temperature in, 
which are three sets of tubes, each ·containing a one inch, a half'inch: 
a quarter inch and an eighth inch tube. One set can be supplied· with 
water, another with air, and the third with oil. Thus, flow ·in tube~ 
can be studied at any 1Reynolds number and at three different viscosi
ties. Suitable taps are provided for measuring head lo;;s in the tubes 
and the flow can be measured in a number of ways. At one end there 
is a water storage tank and a volumetric measuring tank with a dump 
\'alve and gauge glass. The same arrangement is provided at the 
other end for oil. Venturi or orifice meters or any other desired 
devices can be placed in the three supply lines. The flanges for 
doing this in the oil and air lines can be seen on the right of Figure 4. 
In the case of the oil and water these meters can be calibrated by 
means of the volumetric tanks. A centrifugal pump is provided to 
pump the water and a positive displacement gear pump driven through 
a variable speed drive is used for the oil. As yet, no suitable air sup
ply has been provided but some form of low·pressure positive displace
ment blower would be suitable. In front of the sets of tubes is a tray 
which can be used for setting up any special pipe flow experiments. 
These experiments can be fed with water through the valve shown at 
the left end: - This equipment has been completed and the water por
tion was used for class instruction last year ( 19 5 7). 

In the fall of 1956 when the construction -work was finished the 
flume was started. The structural foundation consists· of three col
umns of 18-inch channel carrying two fifteen-inch channels thirty 



HYDRAULICS LABORATORY 403 

fee t long, as shown in Figure 5. This heavy design was used to keep 
deflections down to less than one-hundreflth of an inch maximum 
between no load and full load conditions. While the steel for the 
base was being fabricated and erected, the vertical tank was designed. 
This tank will serve two purposes. It will be a stilling tank for the 
flow entering the flume, and it will also be used for studying the mo-

FIG. 4.-P UMPS AND PIPES APPARATUS. 

tion of objects falling under their own weight through water. For 
the latter purpose, three windows were provided as can be seen in 
Figures 5 and 6. 

The flume consists of an outer steel frame for structural strength, 
and an inner aluminum frame which supports the glass and makes the 
water tight channel. The outer frame consists of eight U-shaped 
bents which support the walls of the flume and are made of three
inch I-beams; and a frame made of four-inch channel which rests 
on the bottom members of the bent and carries the weight of the 
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flume while also serving as a drip trough to catch any possible leaks. 
This outer frame is shown in place in Figure 6. 

The design of a glass walled flume presents many interesting 
problems. Obviously, the most important is to make the channel 
water-tight. Secondly, the glass must be supported in such a way 
that local stress concentrations are kept low in order to prevent break-

FIG. 5 .- L OWER L EVEL, SHOWING FLUME SUPPORTS AN D VERTICAL I NLET TANK. 

age. Thirdly, means must be provided for anchoring models or other 
devices to be tested. Lastly, it is desirable to maintain a smooth 
accurate interior surface to prevent the generation of unwanted dis
turbances in the flow. The design which was worked out seems to 
fulfill these requirements to a satisfactory degree and is believed to 
be unique. Figure 7 illustrates the construction of the water tight 
channel. The upper drawing is a section of the lower longitudinal 
members showing how the bottom and side pieces of glass are sup
ported and sealed. The seal, shown as a black circle against the edge 
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of the glass, consists of a piece of thin walled rubber tube placed in a 
groove in the metal. After the glass is placed, this tube is inflated 
with sufficient pressure so that if it were not confined, it would blow 
up like a balloon. The glass is supported all around on adjusting 
screws so that it can be placed exactly flush with the surrounding 
aluminum frame. 

F rc. 6.- STRUCTU RAL F RAME OF FLU ME AN D TOP OF VERTICAL INLET T AN K . 

The lower drawing shows a section through one of the vertical 
side posts. The glass seal and support can again be noticed. The 
half inch square slot in the center of the post also extends across 
the bottom and up the other side. These slots are provided for an
choring test models or other devices in the flume. When not in use, 
they will be fill ed with metal strips to maintain the smooth interior 
surface . Where it was necessary to make water tight joints between 
pieces of metal, a room temperature vulcanizing silicone rubber made 
by General Electric was used. T his material , which was supplied 
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as a red paste, was mixed with a catalist and applied to the joints 
which were then assembled. After several hours, the past turned into 
tough permanent rubber. This technique worked out particularly 

FIG. 7 .-CONSTRUCTION D ETAILS OF GLASS WALLED FLU ME. 

well on the intricate corner joints where the longitudinal members_. 
bottom cross pieces, and side posts all come together. 

The complete hydraulic circuit for the flume shown in schematic 
form in Figure 8, is as follows: water is drawn from the sump through 
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a 6 x 6 x 9 inch direct connected centrifugal jump rated at 900 gpm. 
at thirty feet head driven by a ten H.P. motor. The water then 
flows through two butterfly valves in parallel, one six-inch and the 
other two-inch for low flows, and then through a metering section, 
where any type of flow meter may be installed, to the bottom of the 
vertical tank. It then flows up through the tank in which flow 
straighteners may be installed and then through a bell mouth entrance 
into the flume. After passing through the flume, the flow drops through 

D 
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FIG. 8.-SCHEMATIC DIAGRAM OF HYDRAULIC CIRCUIT OF FLUME. 

a shoot to a transfer divide which sends it either to a weighing tank 
and then to the pit or directly to the pit. The weighing tank is part 
of the original hydraulic equipment installed in Pierce Hall about 50 
years ago. 

The flume is nearing completion. The structural work is done 
and the aluminum frame completed. At present, the glass is being 
set; when it is all in place, the flume wiJl be tested for leaks.. The 
vertical tank has been in use for some months, but the piping and the 
entrance and shoot still have to be fabricated. Also, it is planned to 
provide two accurately levelled rails and a carriage along the top of 
the flume for measuring water surfaces and also possibly for towing 
small boat models. 

The water table, water tunnel and power plant have as yet not 
been built. The water table will consist of a one inch plate glass 
bottom, the sections of which will be mounted in frames similar to 
those used in the flume. Permanent walls six inches high will be 
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provided as well as movable walls which can be set to provide any 
desired width of channel. The entrance will have two forms. For 
many experiments a flat nozzle which will introduce the water at the 
correct depth and velocity will be used. For super-sonic analogy it 
is better to have a free water surface with subcritical velocities at 
the inlet with the flow passing through the transition to supercritical 
velocity as it starts down the glass plate. The support at the inlet 
end will consist of a cylinder so arranged as to give the necessary 

FIG. 9.-SCHEMATlC DIAGRAM OF HYDRAULIC CIRCUIT OF WATER TABLE. 

angular movement to allow for adjusting the slope along with pro
viding a smooth entrance. · At the outlet two jack screws geared to
gether will provide for the adjustment of the slope. The water table 
will be supported three feet above the upper floor on legs passing 
through the floor to footing below the lower floor. It will be supplied 
by a vertical turbine pump rated at 2,250 gpm. at thirty feet head 
driven by a 20 H.P. vertical hollow shaft motor. The water will 
then pass through a control valve and a metering device to a transi
tion section which will be the vertical riser to the floor above. This 
transition · will provide the change in · section from a · round pipe· to 
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the rectangular section at the entrance to the water table. A sche
matic diagram of the arrangement is shown in Figure 9. Although 
not shown cross connections will be provided so that either or both 
pumps can be used on either the flume or water table. 

The water tunnel has not progressed beyond the discussion stage 
and will probably not be designed and built for some time. For the 
power plant, a small Pelton water wheel is available. The runner is 
eleven inches in diameter and the jet diameter is about ¾ inches. 
The original nozzle is not adjustable, but it is planned to make a 
needle nozzle which can be used interchangeably with the simple 
nozzle to show the effect of either on performance. Tentative plans 
also call for a small electric generator for loading the wheel and a gov
ernor for use with the needle nozzle. Then, with a model pipeline, 
surge tank, and penstock, the complete performance of a high head 
plant under both steady state and transient conditions can be studied. 

In conclusion, designing and building an hydraulics laboratory 
more or less as a unit seems to be unusual. Ordinarily, equipment is 
designed and built as it is needed for some specific purpose with the 
result that the laboratory grows and evolves over an extended period 
of time. Such equipment often has limited usefulness after the ex
periment for which it was specifically designed is completed. On the 
other hand, for the Hydraulics Laboratory at Harvard a serious at
tempt has been made to design and build equipment which will be 
sufficiently adaptable to serve well for instruction and research for 
many years to come. 
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CHARLES BLANEY BREED was born in Lynn, Massachusetts, on 

November 28, 1875. He was the son of Charles Otis Breed and Sarah 

Guilford Breed. He was graduated from the Massachusetts Institute 

of Technology in 1897, and returned to the Institute the following 

year after brief employment in the engineering department of the 

Boston & Albany Railroad, as an assistant in the Civil Engineering 

Department. From 1901-1907, he was instructor; 1907-1910, as

sistant professor; 1910-1914, associate professor; 1914-1920, professor 

of railroad engineering; 1920-1928, professor of railway and highway 

engineering; 1928-1941, professor of railway and highway transporta

tion; and 1941-1946, professor of civil engineering. In July 1946, 

he became professor of civil engineering, emeritus. Professor Breed 

served as head of the department of civil and sanitary engineering 

from 1933 to 1944, and as chairman of the faculty from 1940 to 1942. 

During World War I, he was president of the Academic Board of the 

U. S. Army School of Military Aeronautics at M. I. T. 

Professor Breed was co-author, with Professor George L. Hos

mer, of a two-volume book on Principles and Practice of Surveying, a 

standard text for over 50 years. He also authored a short text on 

Surveying, and in 1944 wrote Surveying Manual, EM 908, for in

struction use for the Armed Forces Institute in World War II. He 

acted as associate editor of the American Civil Engineers Pocketbook 

and of the American Mining Engineers Handbook. Professor Breed 

was also responsible for portions of several other technical books 

and many technical reports on economics of transportation in the 

railroad, highways and air transportation fields. 
Coincidentally with his entire teaching career and after retiring, 

Professor Breed carried on the practice of his profession as consultant 

for railroads, municipalities, state highway departments, and on pri

vate projects. He joined with H. K. Barrows, in 1909, to found the 

Boston consulting firm of Barrows & Breed (1909-1916). After 1916 

he engaged in private consulting practice. His major activities were 

as consultant on elimination of grade crossings for several cities; con-



412 BOSTON SOCIETY OF CIVIL ENGINEERS 

sultant to several state public utility commissions on problems per
taining to elimination of grade crossings, valuations, bridges, traffic 
control, pavement design and performance; and consultant to the 
Association of American Railroads, the Pennsylvania Railroad, New 
York Central, Railway Association of Canada, and others. Professor 
Breed was also consultant on large recreational land developments, 
such as the Seigniory Club in the Province of Quebec, a project of 
the Canadian Pacific Railway. He acted as artibtrator under the 
statutes of several states on disputes growing out of engineering con
tracts. 

Professor Breed was president of the Boston Society of Civil 
Engineers in 1928, and Director of the Society of Civil Engineers 
from 1943 to 1945. In 19 50 he was made an honorary member of 
the ASCE, the highest individual honor bestowed by that Society. 
He was past-president of the New England Railroad Club, and na
tional honorary member of Chi Epsilon and honorary member of Tau 
Beta Pi. His other affiliations included the Engineering Institute of 
Canada, the American Road Builders Association, the American Rail
way Engineering Association, the Highway Research Board, the As
sociation of University Professors, and the American Society for 
Engineering Education. Active in civic affairs, he was past president 
of the Boston City Club and director of several banks. 

A former resident of Lynn and Newtonville, Mass., Professor 
Breed after retirement made his permanent residence at his summer 
home in Camden, Maine, where, amid the sea-side setting which he 
loved so well he passed away on August 9. 1958. He had survived 
by a year his late wife, Elsa Edson Breed, and leaves two sons, Charles 
Alfred of Newtonville, Mass., and David Edson of Branford, Con
necticut, and a daughter, Mrs. Donald A. Campbell of Wilbramham, 
Mass. 

Professor Breed met life with zest and vigor, living each day to 
the fullest. With quick mind, ready humor and a tremendous ca
pacity for work, he was undaunted by any assignment. His spirit 
was not dimmed by adversity nor elated by success. Yet in all his 
busy career he found time to take an interest in people and their 
problems. As educator, engineer, businessman and friend, his coun
sel and help have left their mark on generations of students and 
associates. 
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OF GENERAL INTEREST 
CHARLES M. SPOFFORD 

RECEIVES FRANKLIN 
INSTITUTE MEDAL 

A FORMER college profe so r and bridge 
designer, Charles M. Spofford of Boston. 
will receive the Frank P. Brown Medal 
of The Franklin Institu te, Wynn Lau
rence LePage, president of the Institute, 
announ ced today. 

The medal will be awarded by the In
stitute, Philadelphia's 134-year-old 
scientific , educational organization , at 
forma l ce remonies Wednesday. Oct. 15, 
1958, in Franklin Memorial H all. 

Professor Emeritus of Massachusetts 
Institute of Technology, Professor Spof
fo rd is being honored for: "The engi 
neering, aesthetic and educational 
accompli shments of hi s life work, ex
emplifi ed in his prompt recognition , 
espousal and clarification of valid struc
tural theo ries; his design of many large 
and beautiful bridges, and other promi
nen t engineering works; hi s contribu
tions to engineering education through 
teaching and admini tration of an engi
neering educational department ; and his 
authorship of widely used textbooks." 

Former partner of the con ul ting firm 
of Fay, Spofford & Thorndike, Inc ., of 
Boston , Professor Spofford has been 
identified with numerous important engi
neering projects including: The Boston 
Army Supply Base, the Lake Champlain 
Bridge and Rouses Point Bridge between 
New York and Vermont, the Sagamore 
Bridge and the Bourne High Level 
Bridge ac ross t he Cape Cod Canal at 
Bourne. Mass .. port developments in the 
United States and New Zealand; and 
the design of shipways for Bethlehem 
Shipbuilding Corp. at Fore River, Mass. 
He has authored two textbooks, "Theory 
of Structures" and "Theory of Continu-

ous Structures and Arches, " and has 
wri tten ten technical articles. 

The Brown Medal , established in 1938 
by the Will of Franklin Pierce Brown , a 
member of the Master Plumbers As
sociation for 50 years and long-time 
member of the Institute , recognizes in
ventors in the building and alli ed indus
tri es. 

Charles Milton Spofford was born on 
Sept. 28 , 1871 , in Georgetown , Mass. 
H e received hi s civil engineering degree 
from Massachusetts Institute of Tech
nology in 1893. After taking postgradu
ate studi es , he joined the M .I.T. staff 
in 1896. H e left in 1905 to become pro
fessor of civil engineering at Polytechnic 
Institute of Brooklyn. 

Professor Spofford returned to M .I.T. 
in 1909 as Hayward Professor of Civil 
Engineering. In 1914, he divided his 
career between teaching and the fi rm , 
Fay, Spoffo rd & Thorndike. Professor 
Spofford served a head of M.I.T.'s 
Departmen t of Civi l and Sanitary Engi
neering from 1911 to 1933. He retired 
in 1940 as Professor Emeritus. 

Among the organizations in whi ch 
Professor pofford has been a member 
are : The American Society of Civil En
gineers, past vice-president and directo r 
and since 1953 an honorary member, In
stitute of Civil Engineers, the Interna
tional Association fo r Bridge and Struc
tural Engineering , the American Society 
for Testing Materials, the American 
Railway Engi neering Association , Boston 
Society of Civil Engineers, past presi
dent, Ameri can Academy of Arts and 
Sciences, Society of Sigma Xi , national 
honorary research fraternity , Tau Beta 
Pi , national fraternity recognizing scho
lastic achievements in engineering, and 
Chi Epsilon , national civil engineering 
fraternity. 
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PROCEEDINGS OF THE SOCIETY 

MINUTES OF MEETING 

Boston Society of Civil Engineers 

SEPTEMBER 24, 1958.-A Joint Meet
ing of the Boston Society of Civil Engi
neers with the Sanitary Section of 
B.S.C.E. was held this evening at the 
United Community Services Building, 14 
Somerset Street, Boston, Mass., and was 
called to order by President William L. 
Hyland, at 7 :00 P.M. 

President Hyland announced that the 
minutes of the previous meeting held 
May 12, 1958 had been published in the 
JOURNAL and that the reading of those 
minutes would be waived unless there 
was objection. 

President Hyland announced the death 
of the folowing members:-

Sanford S. Mitchell, who was elected 
a member September 26, 1945, and who 
died May 21, 1958. 

William F. Sullivan, who was elected 
a member June 15, 1904, and who died 
June 11, 1958. 

Charles B. Breed, who was elected a 
member September 20, 1899, and who 
died August 9, 1958. 

Joseph E. Roy, who was elected a 
member March 5, 1915, and who died 
July 23, 1958. 

Channing Howard, who was elected a 
member March 15, 1899, and who died 
August 18, 1958. 

Henry C. Mildram, who was elected 
a member March 21, 1894, and who died 
August 31, 1958. 

The Secretary announced the names 
of applicants for membership in the 
B.S.C.E. and that the following had 
been elected to membership June 16, 
1958:-

Grade of Member--Joseph A. Bodio, 
Arthur Gordon, Ralph W. Fun
waldson. 

Grade of Junior-Paul J. Collins, 
Paul M. Pratt, Marshall F. Reed, 
Jr., William E. Shaughnessy, Jr., 
James N. White. 

President Hyland stated that this was 
a Joint Meeting with the Sanitary Sec
tion, B.S.C.E., and called upon Robert 
H. Culver, member of the Executive 
Committee of that section, to conduct 
any necessary business at this time. 
. President Hyland introduced the 
speaker of the evening, Edwin B. Cobb, 
Partner, Metcalf & Eddy, who gave a 
most interesting "Progress Report on 
Development of Alleghany County Sani
tary Authority Facilities of Pittsburgh". 
The talk was illustrated with slides and 
a movie. A discussion period followed. 

The meeting was preceded by a dinner 
and 36 members and guests attended the 
dinner. 54 members and guests attended 
the meeting. 

The meeting adjourned at 8 :45 P.M. 
ROBERT W. MoIR, Secretary 

STRUCTURAL SECTION 

OCTOBER 8, 1958.-A meeting of the 
Structural Section was held in the So
ciety rooms. Chairman Albrecht called 
the meeting to order at 7 :00 P.M. The 
minutes of the previous meeting of April 
9 were read as well as announcements 
concerning meetings in the immediate 
future. The Chairman introduced Mr. 
C. H. Hastings, Avco Research and Ad
vanced Development Division; Presi
dent, Society for Nondestructive Test
ing, who in turn introduced the members 
of the panel: Mr. S. W. Carter, C. T. 
Morgan & Co.; Mr. F. L. Johnson, 
Bethlehem Steel Co.; and Mr. A. H. 
Green, Arnold Green & Co., Inc. The 
panel which was provided by the Boston 
Section, Society for Nondestructive 
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Testing, gave short talks on various 
phases of nondestructive testing. 

After a brief introduction by Mr. 
Hastings, covering the general subject 
of nondestructive testing, Mr. Carter 
gave a short talk on ultrasonic and 
penetrant techniqu!!S. Ultrasonic testing 
can be used to discover flaws or dis
continuities in various materials due to 
interference with sound waves which are 
above the audible range. Thickness of 
metals can be measured with an accu
racy of 1/10 per cent in the laboratory 
and 1 to 3 per cent in the field. Liquid 
penetrants are used to discover flaws 
which are open to the surface. By using 
the proper liquid and developing powder, 
extremely small cracks can be dis
covered. 

Mr. Johnson discussed the testing by 
radiography and magnetic methods. 
Magnetic testing is carried out by mag
netizing the piece to be tested under 
which condition flaws that are close to 
or at the surface will disrupt the mag
netic field and permit the flaw to be 
evaluated. Because of the direction of 
the magnetic field, testing should be 
done in two directions. In radiographic 
testing, X-rays or rays from a radio
active isotope are passed through the 
material to be tested and onto X-ray 
film. Voids, flaws, inclusions and other 
defects will show on the film as a result 
of the reduced absorption of the rays 
where the defect occurs. 

Mr. Green discussed high voltage 
radiography which is used for more 
precise testing and presented ASTM 
Standards showing classifications and 
extent of various flaws. He spoke of the 
difficulty of interpreting results and 
showed ASTM Standards in the form of 
film negatives. 

After a brief conclusion by Mr. Hast
ings, the panel discussed various phases 
of nondestructive testing with members 
of the audience. Several pieces of test
ing equipment had been set up and their 
operation was demonstrated. 

The meeting adjourned at 9: 15 P.M. 
The attendance was 3 7. 

PAUL S. CRANDALL, Clerk 

ADDITIONS 

Members 

Ralph W. Gunwaldsen, 10 Linden 
Gardens, Wellesley 81, Mass. 

John C. Hawley, 7 Pleasantdale Road, 
W. Roxbury, Mass. 

Peter B. Heidema, P.O. Box 386, Little
ton Common, Mass. 

Harold W. Olsen, 94 Bigelow Street 
Brighton 35, Mass. ' 

John A. Volpe, 10 Everett Avenue 
Winchester, Mass. ' 

Samuel Widershiem, 243 Harvard Street, 
Dorchester, Mass. 

Willard 0. Wilcox, 11 Lyons Court, 
Newton 58, Mass. 

Juniors 

Alphonso J. Binda, 249 Park Street, 
Medford 55, Mass. 

Mrs. Leslie B. Fuller, 70 Westland Ave
nue, Boston 15, Mass. 

Donald J. Hession, 76 Gray Street, 
Arlington 74, Mass. 

John G. McIntosh, 15 Princeton Ave
nue, Andover, Mass. 

Peter A. Martus, 160 Westville Street, 
Boston 22, Mass. 

William E. Shaughnessy, 153 River 
Street, W. Newton, Mass. 

DEATHS 

Charles B. Breed, August 9, 1958 
T. Parker Clarke, October 9, 1958 
John P. Gallagher, July, 1958 
Channing Howard, August 18, 1958 
Henry C. Mildram, August 31, 1958 
Sanford S. Mitchell, May 21, 1958 
Edwin R. Olin, September 16, 1958 
Joseph E. Roy, July 23, 1958 
William F. Sullivan, June 11, 1958 
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SURVEYING & MAPPING SECTION AWARD 

C. Roen PEAD.SON 

Fuo&BlC N. Wuve 

LAwHNCE G. ROPES 

CHALD F. BLAKE 
RoB'&RT T. CoLBUBN 
WILLIAM F. CONDON, Jn. 
DliN F. COBURN 

ERNEST A. HERZOG, Chairman 
THOMAS C. COLEMAN 

CONSTRUC'l'ION SECTION AWARD 
EMn. A. GILlMSTORl'I', Chairman 

HllllllmT J. ALeu 
SUBSOILS OF BOSTON 

Mu.Es N. CLAIR, Chairman 
1Bv1NG B. CROSBY CD ESTEB J. CIND&II 

MEMBERSHIP CENTRAL COMMITTEE 
PAUL J. BEBcBB, Chairman 

JORN C. ADAMS, Ja. 
ROLAND 5. BURLlNC.AM& 
W1LLU.M E. BROOKS 
K. P. DBVENlS 
JORN L. BURDICK 

AUDITING COMMITTEE 

WILLUM H. HAMILTON 
ROBERT A. 5NOWBBB 
WILLIAM A. HENDERSON 
ROBERT w. MOIR 

K&NNSTB F. KNOWLTON JOSJ:PB C. L.lWLD 

CHABL&S E. KNOX 
FBAN1t L. Bamcu 

ADVERTISING COMMITTEE 
Roel.RT A. BI&RWBILRB, Chairman 
BKNJAMIN A. LBKBSZ::Y WILLIAM R. COLTON 
CHARLES M. ANDERSON JonN H. HssSION 

PUBLIC RELATIONS COMMITTEE 
Wn.Lu.M A. F1SBD, Chairman 

5AMUZL J. ToMAHLLO TaoMAS J. RouNu RICHARD H. ELLIS 
HOBACK B. PKBBY BENJAMIN MILLS, 3RD 

JOINT LEGISLATIVE COMMITTEE 
EDWilD WBICBT JAMES F. BRITl'AIN 

WILLIAM L. HYLAND 

INVESTMENT COMMITTEE 
CHARL&S O. BAIRD, Jn., Chairman 

EDWABD c. KUN& 




